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EXECUTIVE SU MM ARY 
The period cov ered by t his report (July 1979 to May 
1980) has seen the emergence of two new devices, the 
Submerged Wave Chamber and the Twin ·bs cillating Water 
Column. Both these concepts are logical extensions of 
the original Vickers device which suffered from a bul~y 
air volume resulting in large construction costs. The 
new devices, working on a similar principle but without 
the large air volume, have proved to be cost effective) 
although their roles are e xpected to be different • . The 
Wave Chamber is an attenuator, designed to be moored 
submerged on tension leg moorings in deep water. The 
Twin Oscillating Water Column, which does not requ i re 
wave spanning capability for its operation is envisaged 
as an inshore submerged device, piled into the sea bed. 
The devices were first tested experimentally in November 
1979, and the results were very encouraging. 
Further tests were made with a Twin Oscillating Water 
_Column point absorber (a modification of the original 
Vickers device model) and a modified Wave Chamber, 
in February 1980. The results of both the November 
and February experiments are presented in this report. 
We have been able to make extensive use of the Edingburgh 
Tank Facility. It has enabled us to do in months what 
would have taken years previously, and we were fortunate 
in being the first team to use the full facility. The 
findings of the experi ments are voluminous and have led 
to a much better understanding of the devices and water 
columns in general. 
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1 .D EXECUTIVE SUMMARY (CO NTI NUED ) 
The results have been extrapola ted to suggest that both 
the Wave Chamber and the Twin Oscillating Water Column 
could produce electricity from a 2 GW station far approxi-
mately 6p/kW hr. but it is difficu1t · to put confidence 
limits on this figure until full· scale design studies 
have been made. 
It has been our policy to commit resources to detailed 
drawings of full scale structures only when the concept 
. . 
has been thoroughly explored. A full scale design study 
has therefore been made of the original Vickers concept, 
but the Twin Oscillating Water Column and the Wave Chamber, 
need further experimental work to optimise dimensional 
parameters and detailed shapes before they reach this 
stage, hopefully early in 1981. 
Meanwhile methodology for full scale design is being 
developed along with the devices and we are building up 
our relationships with civil engineering designers and 
contractors to provide skills which we do not ourselves 
possess. The chapters of this report which relate to 
scale, computer simulation of forces and the discussion 
on moorings and anchorages describe the progress made. 
This should enable us to produce costs for the devices 
with tight confidence limits by the middle of 1981, and 
full scale working drawings by the end of that year. 
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EXECUTI VE SU MMARY (CONTINUED) 
The most importan t development in the period under 
review has been the clarification of our development 
objectives. It is now apparent that the point absorber 
concept, which initially appeared attractive from the 
aspects of structural shape and high theoretical capture 
width, has inherent disadvantages in gross sensitivity 
to depth and sensitivity to the disposition of tr.8 bottom 
duct. This results in a lower capture width per unit 
volume relative to the terminator mode. It is unlikely 
that further changes in design of the point absorber 
could achieve more than a 20% improvement while modifications 
to the tarminator could result in a much larger improvement. 
Future work will concentrate on the design of a Twin 
Oscillating Water Column terminator and development of 
the design of the Wave Chamber. There is also work 
common to both devices which is needed, including dynamic 
modelling. In particular this relates to a chamber 
shape which would limit oscillations within the device 
in storm conditions, and an automatic latching system. 
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\~idth of device 
H3ight of device 
Cost 
Drag coefficient 
· Mass coefficient 
Capture width 
Diameter of device(2r) 
Energy extraction damping coefficient 




Wave height (peak to trough) 
Water depth 
Wave number (2 II / A ) 
Length of device 
Length of tether 
Water column length 
Mass of device 
Mass of water displaced by device 
Index (cost= scalen) 




Horizontal water particle velocity 
Horizontal water particle accelerption 
Vertical water particle velocity 
Vertical water particle acceleration 
Wave frequency 
Horizontal displacement 
Height below mean sea level 
Weight of water per unit volume 
(gK tanhKH)1/2 = W for large HIA 
Wave length 
Water d e n s i t .y 
Dimensionless ratio ( II d/ A) 
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Fast Fourier Transform 
Pierson Moskowitz 
Special Emplacement Vessel 
Submerged Wave Chamber 
Twin Oscillating Water Column 
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4.0 EXP ERIMENTAL RESULTS OF MODEL TESTS 
Introduction 
This chapter describes tests made in the Edinburgh Wide 
Tank in November 1979 and February 1980. Three devices 
~"'ere tested: 
(1) The Twin Oscillating Water Column Terminator 
(2) The Twin Oscillating Water Column Point Absorber 
(3) The Submerged Wave Chamber 
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MODEL TESTS ON THE TWIN OSCILLATING WATER COLUMN 
TERMI NATOR 
Description of the Twin Oscillating Water Column Principle 
The twin oscillating water column is an underwater device 
designed to work in a similar way to the original Vickers 
device, but using two wat8r columns acting on a common 
air space. One column is in the shape of a 'U' with an 
upwards-facing mouth while the other column is straight 
with a downwards-facing mouth. The upwards-facing mouth 
is subject to the large wave-induced pressure variations 
close to the surface of the sea, while the downwards-
facing mouth is subject to small pressure variations 
close to the sea-bed. The air spaces above each column 
I 
are interconnected by a duct containing a bi-directional 
turbine, possibly a Wells turbine. 
As the crest of a wave passes over the device the increased 
pressure in the upwards-facing duct forces the air/water 
interface of its column upwards, thus displacing the 
air/water interface of the downwards-facing column. By 
this means air is pumped back and forth through the 
turbine. 
The device can take various forms. It could be a circular 
device acting as a point absorber, or it could be designed 
as a long narrow device in either terminator or attenuator 
modes. It is too early to state which would be the most 
cost-effective, but the first prototype model was designed 
as a terminator, which, due to its small size relative 
to a wavelength could be rotated through 90°, whereupon 
it would act as an attenuator. 
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Description of Model 
Figure 1 .1 shows a cr·oss-section of the model in a plane 
parallel to the direction of the waves. 
A represents the upwa~d-facing mouth, B the downward-
facing mouth. D and C show the relat!ve positions of the 
air water interfaces of the downward and upward-facing 
columns respectively at a typical point in the cycle. E 
shows the airspace which is effectively incompressible 
and F the method of power extraction which in the model 
consists of a variable throttle. 
The model is symmetrical about the t and the variable 
sections, G and Hare duplicated on the right hand side. 
The dotted positions of both G and H represent the three 
positions in which each section can be fixed. 
The model was attached to a base frame which 
was in turn attached to the bottom of the wave tank. 
Tests on the Twin Oscillating Water Column Terminator 
4.1.3 Aim 
The aim of the experimental programme was to study the 
effect of various parameters and changes in configuration 





4. Column Geometry 
5. Placing a Reflector immediately behind 
the Model 
6. Placing the Model in Attenuator Mode 
7. Surge forces in Storm Waves 
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Aim (Continued ) 
These are the most i~port2nt features of the device for 
initial te~ting. Data on the effe ct on the model 
of waveheight, mixed seas, and depth is essential for 
computing the cos t ef~ectiveness of the device. The 
other variables, for instance column geometry and refl e ctor 
tests are useful for ·optirnising the mode o{ operation of 
the device wi th a view to the design of future models. 
· Monochromatic and Mixed Sea Selection and Measurement 
We decided it was necessary to test the device with 
monochromatic seas t o fully appreciate the effect of any 
variable on bandwidth and peak power and also with P.M. 
seas to study the power response of the model to a random 
sea state. For the monochromatic tests we used a 20 
frequency mixed sea which we "brewed" on the Edinburgh 
Wave-maker Computer. This sea spectrum was designed so 
that no second harmonics coincided with first harmonics, 
and the amplitude of the sea was spBcifically chosen t o 
avoid wave interaction. The response of the model was 
Fourier analysed and it was found that not only was the 
second harmonic content extremely small (about 1% of the 
first harmonic in power terms), but that there was very 
little power a t frequencies adjacent to the first harmonics. 
It was therefore possible to compute capture width at 
each frequency by dividing the power output of the model 
at that frequency by the power in the wave. This would 
have been difficult if there had been frequency spreading 
or second harmonics. 
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Monochromatic a nd Mi xed Sea Selection and Measurement 
(Continued ) 
Each variable was tasted in this monochromatic sea and in 
P.M. seas as in Figure 1.2. We stored four P.M. spectra 
with Mitsuyasu spreading, defined by different energy 
periods of .7, .8, .9 and 1.0 second. Initially uach 
one of these P.M. seas was run for each variable but 
this was time consuming and it was found that the P.M~ 
that produced most power could be found by inspecting 
the monochromatic sea response. 
We found that there was inevitable wave interaction and 
some reflection which meant that the best way to measure 
the wave at the model was not to monitor probes in front 
of the model but to monitor a single probe in the exact 
position that the model was to be put. The power in the 
monochromatic and the P.M. seas was stored in the computer. 
This ·was found to be very repeatable as is shown in 
Figures 1.3 and 1.4. 
Data Logging and Processing 
We used the Edinburgh Wavepower PDP11/60 for this task. 
Data w~s put onto - floppy disc and then processed using 
'Prodat' a computer programme developed by Edinburgh 
specifically for wave energy device data. 
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Data Processing Programme for Twin Oscillating Water 
Column Terminator 
A typical output from this programme is shown in Figure 
1.5. The level information shows the level of one of 
the water columns in the Twin Oscillating Water Column 
Termintor. The level co~ld fluctuate from a maximum of 
30mm (where it touched the top) to a minimum of 0mm 
(where the model might lose air). It was also important 
that the mean did not change to any degree between experiments 
especially where taper or antitaper was being used. 
Then follows the pressure generated by the left hand 
column across the throttle (measured by the micro-
manometer) together with its accompanying flow (measured 
by differentiating wave probe data in the downward-facing 
pplumn). In fact the flow measurement was duplicated. 
The probe 1n the upward-facing column was also monitored 
and the data differentiated to give flow. These two 
values were then compared (see position 10 to give the 
per cent flow error (left hand). 
This was repeated for the right hand probes to give per 
cent flow error (right ~and) (see po_si tion 11). An error 
of~~% was found on average. This was explained by the 
fact that the upward-facing columns had a choppy surface 
due to the greater forcing pressure. This gave it, on 
average, a higher value. The smooth surface of the 
downward-facing column was used as control and these easily 
rep~atable values were used to calculate power. 
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Data Processin g Programme for Twin Oscillating Column 
Terminator (Continued) 
Position 6 shows th e total power from both the left hand 
and the ri ght hand side while position J shows the capture 
width values in mm. These were deduced by dividing all 
power by the power in the wave (recalled from computer 
memory). These channels were stored in F.F.T. form and 
Figure 1.6 shows channel 604 plotted on the graph plotter. 
Position 12 shows the per cent power error. This takes 
the power from the left hand , and compares it with the 
power in the r i ght hand part of the Twin Oscillating 
water column. This error was always small but was a 
further check on the measurement system. If, as happened 
on occasions, this error jumped to a large value there 
was a good reason. It was generally due to water entering 
the tubes of the manometer. Positions 10, 11 and 12 were 
a very powerful check on the measurement system, were 
checked for every reading and subsequently gave us great 
confidence in our results. 
Position 8 shows the power that existed outside the 20 
frequencies. If there had been some stray harmonics, for 
instance a spurious resonance in the tank, it could have 
appeared as a large maximum value. In fact this maximum 
value was always very small. 
Position 13 indicates the sum of the power output from the 
device, this value being used mainly for P.M. sea analysis. 
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Twin Oscillatin g Wa tir Column Terminator Device 
Experiments and Analysis 
Test 1 - Damping 
This test involved adjustments of the throttle setting 
to achieve optimum power,. The optimum P .M. ( .8 second 
Te) was used with the model at a depth of 5cm. Fi~ure 1.7 
shows the effect of damping, and gives the optimum damping 
figure a.s 10mm/Ls-1. This gives an interesting non-
dimensional figure for optimum performance of the Twin 
Oscillating water column: The damping should be such that 
the pressure drop across the turbine is approximately 
I 
equal to .5 waveheight. At full scale this implies that 
a wave with an Hrms of 1 metre would produce an R.M.S. 
pressure drop of .5 metre of water. This is a useful 
figure for turbine designers. 
Another non-dimensional figure, useful for modelling 
power take-off, is that the optimal X sectional area of 
orifice is 1 th the size of the X sactional area of the 
150 
upwards facing column. 
Figure 1.8 shows the effect of damping on the response of 
the device, using monochromatic waves. The top curve 
shows the damping at near optimum. The other two represent 
underdamping and overdamping. The import feature to note 
is that there is no frequency shift, and therefore no 
benefit, to be gained by either over or underdamping. 
4-8 
V De~itJU and Projecta Divfaion 
Test 1 - Dampi ng (Continued) 
It was with some reluctance that we used orifice damping 
rathef than linear damping. We tried a large selection · 
of differe nt materials ranging from HaiFlok to foam rubber 
but had problems with their characteristics changing as 
t heir dampnes s changed, quite apart from the 
difficulty of designin g an adjustable linear absorber 
which is by no means easy. However, efficiency is not 
first order dependent on damping. Capture width is a 
function of 40e Or which is equal to 1 at resonance, 
(Oe+Or) 2 
i.e. (De = Or). If the radiation damping Or is constant 
and the internal damping (De) is varied the effect on 
capture width is not great: if De ranges between 1/3 and 
3, a change of 900% the efficiency varies from .75 to 1 .0, 
a change of only 33%. 
This theoretical curve is plotted in Figure 1.7 -
with the assumption that De= Dr at the optimum vaiue. 
It is surprising that the correlation is so good, 
considering the wave used was not monochromatic and the 
damping values are r.m.s. values of non-linear damping. 
It suggests that non-linear compared with linear dampin g 
does not have a serious effect on efficiency. For 
instance, in the worst case the damping of the turbine 
could be non-linear (i.e. similar to orifice damping). 
For w~ves that vary in power from 4kW/m to BOkW/m, the 
full working .range of the device, the effect of non-linear 
damping will cause the impedance value P/Q to vary from 
8 through to 10 at 10kW/metre to 16 at BOkW/metre (see 
Figure 1.9). This will cause a loss of efficiency, 
due to non-linear damping, of 12% at either end of the 
range. 
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Test 1 - Damping (Continued) 
This will result in an avBrage loss of efficiency, due to 
the distribution of energy in the sea, of about 4%, if 
the device is in shallow water. If the device is in 
deeper water, however, and limited to say BOkW/m there 
will be a large percentage of the total power, approximately 
40%, at the cut-off point of BOkW/m. This clearly increases 
the range of the wave heights over which the device is 
designed to work and hence means that a turbine with 
fixed orifice type damping might be unsuitable. 
Test 2 - Depth 
Once the damping characteristics of the model had been 
optimised the next most important feature to study was 
the effect of .depth. 
In Figure 1.10 the graph marked tiJ shows the capture width 
obtained with the resonant frequency of the device, 
while that marked vJ represents the capture width with 
.the optimal P.M. sea (Te= .Bs). 
' 
The P.M. sea data shows . the device producing peak power 
at 3cms depth (3 metres full scale). This power drops 
off sharply at shallower depths and more slowly at greater 
depths. It can also be seen that the capture width in a 
P.M. sea is about half of that in a resonant monochromatic 
sea. 
Also shown is the effect of placing a reflector immediately 
behind the mouth of the model. This shows that the 
optimum depth of the front panel of the model is 4cms 
and that the power is greatly increased. · The reflector, 
, · 
.I 
however, would penetrate the surface with all the resultant l 
penalties of so doing. It would be necessary to do 1 
tests with strain gauges to ascertain the cost of the 
reflector . in structural terms. 
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Test 2 - Depth (Continued) 
Figure 1.11 shows the ef f ect of depth on _the response of 
the model to monochro~atic seas. It is interesting to 
note that there is a significant fr~quency shift. The 
shift is to higher frequency with increasing depth. Also 
it is worth noting that the effect that is predicted 
from theory - that the peak power remains relatively 
unaffected by depth while the bandwidth is greatly af~ected 
- is not evident. The peak power steadily decreases 
with the bandwidth. 
Test 3 - Waveheight 
Figure 1.12 is a plot of _capture width against waveheight 
using a .8 second P.M. sea. The maximum wave used 
represents a full scale power of 60kW/m, the minimum 
2kW/m. As the device would be designed at full scale 
with a safety chamber that limits the oscillations at 
values greater than BOkW/m, this graph covers almost 
the entire range we are interested in. It was thought 
possible that the effective change in damping due to the 
non-linearity of the orifice could be causing attenuation 
at low and high amplitudes. Unfortunately .it was not 
possible to optimise the damping at these extremes. 
However, it was possible to compensate for loss of 
efficiency due to mismatching the damping by using the 
r.m.s. damping figures measured in each test. (See 
Figure 1.9). This certainly accounts for some of the 
attenuation at small wave heights, but not at the large 
wave heights which still show attenuation of about 20%. 
Without more detailed knowledge of turbine impedance, in 
particular the impedance of the Wells ·turbine, it would 
be prudent to take the original curves, representing 
non-linear damping, as the most pessimistic case and 
the modified curves, representing linear damping~ as the 
most optimistic. ~ 
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Test 4 - Inte~nal Geometry 
Theory suggests that if the area of either or. both columns 
at the air water interface is increased there is a 
corresponding decrease in natural fr~quency. 
To test this the model was designed so that the uµward-
facing sections could be changed (see Figure 1.1) . If the 
top flaps are cranked inwards the area at the ai~ wat~r 
interface is increased while if cranked outwards the area 
is decreased. This is a particularly interesting dssign 
because the overall size of the model is unaffected. In 
other words the aim of this test is: Given a basic 
structure of given outside dimensions how should the 
internal geometry be designed to optimise the power and 
frequency response? 
Figure 1.13 shows a plot of · capture width versus frequency. 
The effect of the variable geometry can be clearly seen. 
With the flaps swung inwards (i.e. large A2) the peak 
power is increased and the frequency lowered, both highly 
desirable features. The bandwidth is, however, marginally 
reduced. Conversely, with the flaps swung outwards 
(small A2) the peak power is reduced, the frequency raised 
and the bandwidth mar~inally increased. It was important 
to gain insight into the potential of such geometric 
variations for reducing costs. 
P.M. seas were run with the three configurations. The 
large A2 position allowed the model to operate best with 
a .9 second sea. The parallel position a .8 and the 
small A2 a .7 second sea. To evaluate the cost 
effectiveness of the model in these different seas it is 
necessary to establish a basis of calculation. 
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Tes t 4 - In ternal Gec~etry (Contin ued) 
Case 2 
VF2 = VM1 X T 6 -F--
TM2 
I 
i.e. V F1 = VM1 TM2 \ 
6 = Ratio 




Volume (full scale) 
Volume (model scale) 
Now Cost Effectivensss = CAPTU RE WIDTH 
VOLUME 






or cost effectiveness of any particular arrangement 
= 
To assess the cost effectiveness of the different 
geometries refer to the table overleaf. 
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Test 4 - Internal Geometry (Continued) 
Geometry P.M. Capture Model Cost Effective- Scale 
Width Volume ness KCM TM 4 /VM ANNUAL AV 
Te=Bs!Te=10s! 
Large A2 .9 75.4 V K. 49.42 1/79 I ·111231 · 
Large A2 .5 74.8 V K. 30.6 111001 1 1561 
Parallel .9 73.0 V K. 47.B9 1 / 79 I 1/1231 
Parallel .B B0.3 V K. 32.89 1/1001 1/1561 
Small 
Small 
A2 .B 67.7 V K. 27.7 111001 1/1561 
A2 .7 72.0 V K. 17.3 1/1301 1 / 204 I 
The table shows that the most cost effective design is the 
geometry which has a large air/water interface (Antitaper). 
It further shows that this geometry implies a small scale 
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Test 5 - Bottom Duct Geometry 
Figure 1.1 shows the different positions . that ths bottom 
doors, H, can assume. Tests were done with the bottom 
doors in three diffe r ent positions relating to .66A, A, 
1.67A, where A is the width of the duct at position D. 
The graphs in Figure 1.14 show the ~ffects of these three 
different configurations compared with the parallel 
position. The closed position .66A shows a decrease in 
frequency with accompanying decrease in peak power and 
bandwidth. The wide open position, however, shows very 
little difference in peak power, bandwidth or frequency. 
In fact the results from the P.M. suggest very little 
improvement. 
Position PM/Te Capture Volume Cost 
\Hdth Effectiveness 
'- / 
• . .9 64.2 .96V 43.8K 
• • 
,· • / .,, .9 73.0 V 47.8K 
• • 
'-...' '/ .8 80.3 V 32.9K . • 
• . 
~· '/ .8 81 • 8 1.08V 31 .DK 
'-......' • ·/ .8 83.0 1.04V 32.7K . 
• '/ .8 83.0 1_.04V 32.7K ""-._· 
• 
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Test 5 - Bottom Duct Geometry (Continued) 
The table shows all the configurations of the bottom door 
positions that were tried. Two more positions apart from 
the ones previously mentioned were also tried. These are 
shown in the table along with an arrow that indicates the 
direction of the wave. It is interesting to note that 
the capture width is the same for both these positions 
which suggests that directionality is not important· in 
the bottom duct, although actual position may be. This 
will be tested in a later model. 
The optimum geometry appears to be the parallel section. 
As the cost effectiveness improves dramatically with 
lower frequencies it can be seen that a frequency that 
gives optimum capture width does not necessarily give 
optimum cost effectiveness. 
To study this effect further it will be necessary to run 
the model in seas of 1.0, 1.1, and -possibly even 1 .2 seconds 
period. It should be borne in mind, however, that this 
cost effectiveness formula is of necessity crude. Rigorous 
cost optimisation would _require analysis of the effectiveness 
of large numbers of small devices where the total resource 
may not be efficiently utilised. Such factors wiil 
weigh against the surprising result that the most cost 
effective device is apparently one that resonates at a 
much higher frequency than the frequency of the wave. 
The implications of scale are discussed more fully in 
fhis report in section 4.3. 
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Test 6 - Attenuator Mode 
Only one t est was done with the device in this mode. The 
monochromatic frequency response is very similar to that 
of the model in terminator mode in that the resonant 
frequency and bandwidt h are abo~t the same. Nevertheless, 
peak power is reduced. A P. M. sea of .8 second p~oduced 
87% of the power obtained with the model in termin 3tor 
mode. 
It is impossible to draw any conclusions from this test. 
A model of an attenuator is invalid unless it is about 1 
wavelength long, when it becomes directional otherwise 
it acts more like a point absorber. Even with a model 
one wavelength long it is difficult to predict the behaviour 
effect of a device two or three wavelengths long. Figure 
1.15 is _ by courtesy of N.E.L. It shows the complex 
effect . of length on efficiency. The only effective way 
of testing t he Twin Oscillating Water Column in attenuator 
mode would be to make similar tests with a series of 
models bolted together. 
Test 7 - Surge Forces 
The yoke on which the device was mounted was modified to 
incorporate strain gauges. A window was machined in one 
of the vertical supports, leaving 1mm thickness of aluminium, 
approximately 20mm long, on either side. These strips 
were strain gauged at their points of maximum bending 
using. four gauges which were wired to form a full 
wheatstone bridge. This was repeated on the other arm 
of the yoke, and both arms were calibrated using dead-
weights. The yoke was thus instrumented to measure 
surge and yaw. 
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Test 7 - Surge Forces (Continued) 
As the yaw component in a monochromatic long crested 
sea should be negligible the yoke Effectively had a dual 
surge measurement system - in keeping with the philosophy 
used on the rest of the model. As it turned out one 
system became unreliable o~ immersion and was therefore 
not used, while the other worked well, except that it 
had a signal to noise ratio of only 3:1. This was greatly 
improved with a low pass filter which gave a 20:1 signal 
to noise ratio. 
Three different seas were "brewed". They were all equivalent 
to 16 second waves but of height (peak to trough) 6.7m, 
14m and 16.5m. It was intended to use an 18m wave, the 
one in a hundred y~ar wave expected at the inshore 
location. Unfortunately the Edinburgh tank was not 
designed to handle this height of wave. Figure 1.16 shows 
the results achieved compared with theoretical computer 
simulation using 0.0. Lappo's .equations modified for a 
horizontal cylinder (See section of · this report on Wave 
.Loadings). It is interesting to note that at depths 
below the r.m.s. waveheight the agreement between theory 
and practice is extreme~y good. As the device reaches 
the surface the measured forces exceed the theoretical 
predictions, reaching a peak for the largest wave of 
about 3m. The reasons for this are not yet clear, but it 
is significant that using Lappo's equations (which are 
based on Morrison's equation, the basic tool for calculating 
surge forces) could result in an estimation of surge tha~ 
fs only 55% of that which actually occurs. It appears, 
therefore that a horziontal cylindrical device at 4m 
depth (i.e. the Twin Oscillating Water Column Terminator) 
experiences surge forces in a 16.5m wave that are 80% of 
those that a surface device, for i nstance a duck, might 
experience. 
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Test 7 - Surge Forces (Continued) 
No tests have been made on local slamming forces on 
submerged versus surface devices, but further tests with 
a fully strain gauged model will be made. It is expected 
that these local forces will be ·considerably greater in 
the case of surface devices. 
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The Twin Oscillating Water Column Terminator: Summary 
Compared with original Vickers device, the Twin Oscillating 
water column not only shows improved capture width per 
unit volume, it also shows that this · improvement is 
available at low frequencies which implies that the cost . 
effectiveness could be greater than the 2:1 impro\emant 
that the graph in Figure 1.17 implies. The addition of 
a reflector makes a further enormous improvement; and 
this effect warrants further study. 
This series of experiments on the Twin Oscillating 
Water Column Terminator has been very informative, and 
our main findings are : 
(A) Experimental 
(1) Waves interact when their steepness ratio 
becomes greater than 1/25 causing errors 
in wave measurement unless the measurement 
is made at the position the model is tested. 
(i) There is very little evidence of any device 
power in either the second or third 
harmonics, even though the device uses a 
non-linear power take off. 
(3) It is valid to use the movement of the surface 
of a water column as a flow measurement, 
although the surface may have some standing 
wave on it. However, an accuracy of 
+ 1~0% only can be expected. This statement 
can be made as the Twin Oscillating Water 
Column incorporates a downwards-facing column 
which is not subject to standing waves or 
hash as it is only subject to the greatly 
decayed forcing pressure well below the sea 
surface. 
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The Twin Oscill a ting Water ColJmn Terminat6r : Summary 
(Continued) 
(A) Experimental (Continued) 
(3) continued 
We used this smooth surfaced column to 
measure air flow, but it also enabled us to . 
study the effects mentioned above in the 
upwards-facing column • 
. (4) Duplication of results coupled with 
constant comparison shows error·s quickly, 
thereby saving time and giving greater 
confidence in results. 
lB) Device 
C 1) Damping 
The device is sensitive to damping, but this 
is not critical. No benefit is obtained 
by either overdamping or underdamping as 
the bandwidth is reduced while the natural 
frequency remains unaffected. By 
effectively reducing oscillations, however, 
overdamping could be advantageous to reduce 
the chance of internal slamming or air 
loss. A non-linear power take off (with 
orifice da~ping characteristics) results 
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The Twin Os cillatin g Wat er Colu mn Terminator: Summary 
(Continued) 
(B) Device (continued) 
(2) Depth of Submergence 
It appears that the hopes of last year -
that good efficiencies could be obtained 
at depths of 20 metres are not to be 
realised. 
The model worked best at 3cm (which 
implies a full scale depth of 3ml. Not 
only was the peak power greatest at this 
depth, the frequency was lowest at this 
depth. Greater depths imply a less cost 
effective device. There is less peak 
power, similar bandwidth and an increase 
in the resonant frequency. The design 
depth of the device is Sm: this takes into 
account tidal variations. 
(3) Waveheight 
The device is waveheight dependent and does 
not give a linear increase in power with 
the square of the waveheight. The power 
drops off at waveheights higher or lower 
than the waveheight of a 30kW/m sea at 
full scale. This means that the device is 
not greatly affected by waveheight for 
the expected wave spectra. 
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The Twin Oscillating Water Colu mn Terminator: Summary 
(Continued) 
(B) Device (continued) 
(4) Internal Geometry 
A large air/ water interface gives a large 
peak power at lower frequency. This is 
beneficial in itself but it appears that 
if the outsid9 dimensions are limited it 
is worth adding to the air/water interface 
at the expense of reducing the cross-
sectional area of some other part of the 
column. How far this trading can be taken 
will be studied in a furth~r model. 
(5) Duct Geometry 
It appears that throttling the bottom 
duct to try to lower the frequency of the 
device is not cost effective, but the 
effect is not so detrimental that it may 
not be wort_h doing if by . doing it some 
other benefit, not just reduction in 
volume, accrues. 
(6) Attenuator Mode 
More model tests are required, the data 
.acqutred with a single short device is 
not sufficient. 
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The Twin Oscillating Water Col umn Term inator: Summary 
(Continu ed) 
(B) Device (continued) 
(7) Ref lector 
A reflector behind the device created more 
power and improved the bandwidth. A mod~l 
will be built to further test this. In 
particular, however, tests will be made to 
measure the forces on this surface piercing 
device. It will then be possible to study 
its effect on survivability and cost of 
structure and fixing. 
(8) Surge Forces 
Tests on the Twin Oscillating Water Column 
Terminator at different depths show that 
Morrison's equations give good correlation 
with model tests at depths greater than the 
r.m.s. waveheight. When the device breaks 
the surface the theory predicts forces which 
are, in the worst case, only 55% of the 
measured forces. Surge forces on the Twin 
Oscillating Water Column terminator are 
only approximately 80% of those experienced 
by a similar sized duck in a 16.5m wave. 
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The Twin Oscill a ting Water Column Terminator: Summary 
(Continued) 
(C) General 
The device, from this initial series of tests, 
has proved to be ,nore cost effective than the 
original Vickers device. Initial indicati6ns are 
that it could be twice as cost effective although 
this needs to be confirmed from cost estimates 
based on a full scale design study. 
Apart from red~ced costs the device also has the 
attraction of not requiring a large air volume. 
This implies that, at full scale, the device need 
not operate in an Atlantic swell to be cost 
effective - it could operate efficiently in the 
relatively small swell off Aberdeen without 
incurring a costly air volume penalty. 
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MODEL TE STS OF THE TWIN OSCILLATING WATE R COLUMN POINT 
ABSORBER 
Introduction 
The results from the twin oscillating column terminator 
wera so encouraging that it was decided to modify the 
Vickers Mk 7 device (Point absorber) to operate on 
the principle of the twin oscillating column. This was 
simple, a small perspex base being all that was required. 
The modification did necessitate two compromises, although 
all the major features of the MK 7 device, e.g. 
interchangeable bellmouths, adjustable internal geometry, 
and adjustable column length,etc, were retained. 
The first compromise concerned the throttle - the throttle 
on the original Mk 7 device being mounted well below the 
model in the air volume. This was obviously impossible 
in the Twin Oscillating Water Column mode and the final 
solution lay in adjusting the length of a slot that 
naturally occurred between the two columns. 
" ·The second compromise resulted from the inherited geometry 
of the Mk 7 device. The downward facing column could 
only be one half of the volume of the upward facing column. 
This resulted in unnecessary throttling of the duct but 
this will be discussed later. 
This modified model was also tested in the Edinburgh wide 
tank. Being very similar in size to the Twin Oscillating 
Water Column terminator (i.e. 1/100th scale), it was 
therefore possible to compare the two models with a high 
degree of confidence. 
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Description of Mod e l 
Figure 2.1 sho·ws the design of the model •. The principle 
is exactly that of the terminator. The model incorporates 
a large dead space as a result of mcidifying the original 
Vickers device. This space will· be used for extra water 
column at full scale thereby lowering the natural frequency 
of the device. This aspect is discussed in greater detail 
in the paragraph on Column Length. 
4.2.3 . Aim 
The aim of the programme was to compare the Twin 
Oscillating Water Column point absorber with the Twin 
Oscillating Water Column terminator, in order that an 
effective cost - comparison could be made. The point 
absorber, however, incorporates a number of features 
that further our understanding of water columns; for 
instance, it has interchangeable bellmouths, the column 
length can be altered, and the probes in the bottom duct 
give us an interesting insight into the way in which 
water is expelled. 
The following variables were investigated: 
1 • Damping 
2. Depth 
3. Column length 
4. Internal Geometry 
5. Bellmouths 
6. Directionality of wave spectra 
7. Reflector 
8. Dowmvard facing duct 
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Data Process in g Pro gam f or Twin Oscillating Water 
Column Point Absorber 
This program is similar to the program developed for the · 
terminator. The major difference is a -result of the 
number and disposition of the wave probes in the bottom 
duct. It was felt two probes spaced 180° apart were not 
sufficient. Hence four probes spaced goo apart were man i to red . 
The format of the print-out is shown in Figure 2.2. 
Position 1 shows the level information. This was designed 
as a brief check to ascertain that the water level did 
not reach the top of the device or drop to the level 
where air might blow out. 
Position 2 gives the flow from each wave probe. It can 
be seen that the flows vary 1 depending on the pnsition of 
the probe within the duct. 
Position 3 was designed to give the% flow error by 
comparing the error in one pair of probes (180° apart) 
.with the other pair in quadrature. There was typically 
a ±2.5% error in this value which suggests that the error 
in actual flow measurement (where the output of all four 
probes was averaged) was no worse than 
±2.5%..-/2 or ±1.76%. 
Position 4 shows the values of combined flow. This is 
the average of the four flow values. 
Position 5 gives the pressure drop across the throttle. 
Position 6 gives the total power. Each one of the 2048 
samples of flow _ and pressure were multiplied together to 
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Data Proces s i ng Program f or Twin Oscillating Water 
Column Point Absorbe r (Cont i nued) 
Position 7 gives the mean of the 2048 samples in this 
channel. Th i s was us ed when the mod e l was tested in 
Pierson - Mos kowitz seas where F.F.T. analysis was not 
required. 
This channel represents power in the wave divided by the 
pawer in the sea, as taken from the computer store. The 
computer store held data of all seas used in experiments , 
this data was .measured with a single probe in the exact 
position · that the model was to be placed. 
Position 9 gives the residual power in frequencies outside 
the frequencies in the particular sea used. If the model 
had displayed second harmonics these would have been evident 
here. This residual power never represented more than 1% 
of the total power. 
The last Channel represents impedance in mm/L/sec. As 
the efficiency of the device is dependent on damping, this 
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Device Experiments and Analysis 
Damping 
Due to the fact that this device was a modification of 
the original Vickers device, it was difficult to adjust 
the damping. For this reason only three different values 
cf damping were chosen. Previous tests with the terminator 
had indicated the most suitable ranges, and three damping . 
values which spanned the peak of this previous graph 
were chosen. Figure 2.3 shows the monochromatic sea 
response to these damping values. There is very little 
variation between the 3.49 and 6. 17 values of damping 
which suggests that these are close to the optimum. 
This was confirmed by _ the P.M. data (using larger 
waveheights) which favoured the 6.17 value and this was 
subsequently chosen for all further tests. This value 
resulted in a non-dimensional pressure ratio (r.m.s. 
pressure/r.m.s. waveheight) of 0.64 - not greatly 
different from the terminator value of D.5. 
The graph confirms the findings of tests with the 
terminator. A damping value off optimum does not change 
the natural frequency but results in loss of peak power 
and bandwidth. 
Depth of Submergence 
The device was tested at depths that ranged from 1cm to 
10cm, representing 1m to 10m at full scale. Figure 2.4a. 
shows the effect on capture width in a monochromatic s ea . 
There are three interesting differences between this 
graph and the equivalent graph for the terminator. Firstly 
the optimal capture width for the point absorber occurs 
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Depth of Submer ge nce (Continued) 
Secondly, the frequency shifts from 1.1Hz to 1 .35Hz 
when the depth is ir.creased from 2 to 10cm. This compares 
with a shift from 1 .05 to 1.15 with ihe terminator. 
The frequency shift to higher frequency with incre3sing 
depth is a function of the added mass. Theory pre~icts 
that the added mass of the point absorber (M. Simon) 
decays faster with depth than the two dimensional 
terminator (J. Lighthill) and the graph supports this 
prediction. 
Thirdly, the point absorber displays gross attenuation 
with depth: the capture width drops by a factor of four 
from 2cm to 10cm, while the capture width for a terminator 
drops by 1.6 for the same depth variation. 
All three of these features represent disadvantages for 
the point absorber. The first because it has to be 
closer to the surface and hence suffers the greater 
surface forces. The second because cost effectiveness 
is a function of resonant frequency · to the power of 
four, which implies that the point absorber will become 
much less cost effective at high tide, and, by implication, 
at large waveheights. The third because the level of 
attenuation is 2.5 times that of the terminator, also 
highly undesirable in these same conditions. 
It is important to note that the column lengths of the 
terminator and point absorber models were designed to be 
equal. As the natural frequency is higher for the point 
absorber at 2cm, and the capture effiriiency is less than 
the terminator, it appears that the point absorber 
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Depth of Submergence (Continued) 
Figure 2.4b represents the effect on the model of a 
Pier~on Moskowitz sea at varying depths. At high 
frequencies it is clear that 3cm gives the optimum capture 
width but at low frequencies, the frequencies that count 
for the most cost effsctive device, 2cm is becoming more 
cost effective. 
Furthermore, the level of attenuation of capture width 
found in monochromatic seas is confirmed. From 3cm to 
10cm it ranges from a factor of 3 at .7 seconds P.M. to 
5 at 1 second P.M. This at first appears contradictory 
as the long wavelength should be attenuated less but it 
is a feature of the frequency shift • 
. Column · Length 
The device was designed so that rings could be added to 
the top of the structure, thereby increasing the column 
length of the upwards facing duct. Two extension rings 
were added, one of 60mm depth, the other 100mm. 
Figure 2.5 shows the monochromatic frequency response 
' to additions in column length. The frequency is lowered 
with increasi~column length which is to be expected 
from T = 2 ,r / l / g • There is a 1 s o an in c re as e i n p ea k 
efficiency. The design of the model is necessarily a 
compromise as it is a modification of the Vickers air 
volume device. This results in a dead space in the base . 
of the model. Th~ most cost effective way of filling this 
space is to use it for extra water column. The 10mm 
toroidal ring represents this extra water column length. 
Figure 2.6 shows the r8sponse in P.M. seas. These data 
show that at long wavelengths, which are of greatest 
importance if a cost effective device is considered, the 
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Column Length (Continued) 
At Te~ 1 second, the most cost effective frequency for 
the device, a length increase from Oto 6 ems shows a 
35% i~provement in capture width for a 21% increase in 
enclosed volume. From 6 to 10cm the cost effectiveness 
improves by only 12% while the enclosed volume increases 
by 11%. A 10cm increase is therefore close to the optimum 
design of column length for a cost effective device. 
Some of the improvement with column length could be an 
effect of lowering the bottom duct and until further 
tests are made with the final design geometry it is not 
clear which is the dominant effect. 
Internal Geometry 
The device could be modified to incorporate tapered and 
antitapered rings to alter the internal geometry. 
These were so designed to give three different taper 
angles on the upward facing duct. 
The taper angle was designed to be constant from the air-
water interface to the bellmouth opening, this requiring 
additional toroidal inlet rings and modified bellmouths. 
The three different designs represented taper angles of 
15° taper, parallel, and 15° antitaper, while keeping 
the same overall dimensions of the model. 
Figure 2.7 shows the monochromatic frequency response to 
these geometries. It is evident that antitaper represents 
improved efficiency (improvement in peak efficiency of 
20% against the parallel section) with a slight shift in 
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Intern a l Geome try (Continued) 
A great er fre que ncy shift is predicted in theory for 
effective ly the gravitational spring constant has been 
reduced. The r esults from the Twin ·Oscillating Water 
c'olumn terminator exhibited simi.lar improvements in 
capture efficiency with antitaper but the change in 
frequency response agreed with theory and was much more 
pro n o u n c e d ( from 1 H z to 1 • 3 Hz ) • Three d i men s i on a l an a 1 y s i s · 
of ducts (M. Simon) may indicate why this difference 
obtains. 
Figure 2.8 represents the P.M. sea response. It again 
shows improved efficiency with antitaper - a general 
improvement of 15% over the parallel section. Again 
negligible frequency shift is indicated. 
Bellmouths 
Three different shapes of bellmouth were tried. These 
are shown in Figure 2.9. 
There appeared to be no difference between the raised 
centre section and the standard section. The raised 
outer section, however, shows a reduction in frequency 
which is beneficial for a cost effective device. This is 
due to an effective increase in added mass and is probably 
depth dependent (less significant with depth), but no 
depth tests were made with these configurations to test 
this. The very small variation suggests that bellmouth 
design on point absorbers is not very critical, and 
indicates that the focussing effect of a raised centre 
section bellmouth (e.g. the Lockheed device) is not 
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Directionality of Wave Spectra 
A single test was made with the device in a .B second, 
long-crested P.M. s8a without Mitsuyasu spreading. The 
capture width was within 1% of the capture width measured 
with short-crested seas with Mitsuyasu spreading, as 
can be expected with a point absorber. It is regrettable 
that no similar test was made with the Twin Oscillating 
Water Column terminator. It is interesting to note, 
however, that the raft displays a 33% reduction in 
efficiency with short crested against long crested seas. 
This represents an advantage for point absorbers and 
indicates that rafts and probably the Twin Oscillating 
Water Column terminator should be shorter in the wave 
·crest direction. The Twin Oscillating Water Column 
terminator has · a capture width in short crested seas of 
50% that in monochromatic seas. The point absorber 
produces 70% of the monochromatic capture width in short 
crested seas. As both devices have similar bandwidths 
it indicates that 20% of the terminator capture width is 
being lost due to spreading. This could be reduced by 
having shorter cells in the crestwise direction. 
Reflector 
A semicircular reflector was attached to the inshore side 
of the device. It was hoped that this would result in 
improved performance as in the case of the terminator. 
However quite the opposite occurred 1 the monochromatic 
peak frequency was reduced by 50%, as was the bandwidth. 
Figure 2.10 shows the P.M. response. There is a shift to 
lower frequency, but even at this peak the device without 
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Reflector (C ontinued) 
It is not yet c lear why this affect is completely 
different from the terminator. It could be~ function 
of the focussing eff8ct of the reflector, although at 
first sight this should be advantageous. 
It is possible that tests with reflectors encompas3ing 
less than half the circumference could produce 
illuminating results. Possibly a small reflector could 
be advantageous for a point absorber. Even if this was 
the case however, the performance advantage could only 
be small and the disadvantages of a surface piercing 
device would outweigh it. 
Bottom Duct 
The four wave probes in the duct gave a very interesting . . 
insight into the manner in which water is expelled. 
Figure 2. 11 indicates the direction of the wave relative 
to the four probes. It was found tha t the port and 
starboard probes showed little disparity, which is 
understandable from symmetry, while the fore and aft 
probes showed great disparity. The ratio Ql relates to 
Q3 
the r.m.s. flow 
of the aft probe relative to the r.m.s. flow of the 
foreward probe. For all combinations of depth and frequency 
the foreward probe shows a greater flow. This could be 
due to two effects: 
1. The direction in which the ducts face 
2. The displacement, in the direction of the 
wave, of the two ducts. 
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Bottom Duct (Continued] 
Previous tests with the terminator suggest that 
directionality of the bottom duct is not an important 
factor: No attenuation was observed . by rotating the 
mouth of the bottom duct through 180° (fore and aft). It 
appears, then, that the dominant effect is due to duct 
displacement. 
A possible explanation of this effect is that 
displacement of the ducts in the fore and aft direction 
gives the whole device a degree of directionality, thereby 
enabling some of the surge component of the wave to be 
removed. 
The figure shows that short wavelength seas are affected 
more than long wavelength seas. This agrees with the 
directionality theory as the device effectively spans 
more of a wavelength. Furthermore the ratio approaches 
unity with increasing depth, which is also understandable 
as local pressure variations on the surface average out 
with depth. 
This test shows dramatically that a Twin Oscillating 
Water Column should have its downwards facing duct ahead 
of the upwards facing duct, thereby making it directional. 
This implies that the symmetrical point absorber Twin 
Oscillating Water Column is not the optimal configuration, 
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Summary of Twin Os ci l J.at in g '~ater Column Paint Abs orb er 
Tc:ists 
This series of experimental tests has provided valuable 
insights into point absorbers, particularly their 
usefulness as Twin Oscillating Water Column devices. The 
fi~dings can ce summarised as follows: 
Damping 
The effects of variations in damping are similar to those 
for the terminator device. Either overdamping or under-
damping results in reduced peak capture width and less 
bandwidth. 
The optimum r.m.s. pressure drop across the turbine, 
expressed as metres of water, is .64 of · the r.m.s. 
waveheight in metres. 
Depth of Subme~gance 
Capture width for this device is highly dependent on 
depth. It drops by a factor of four when the depth at 
full scale is varied from 2 metres to 10 metres. This 
compares with a factor of 1.6 for the terminator. 
Natural frequency is also depth dependent. The shift 
represents a shift from 9 seconds to 7.5 seconds when 
the inlet depth is dropped from 2 to 10 metres. The 
natural frequency of the terminator, however shifts from 
9.5 to 8.7 seconds. This excessive shift to higher 
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Column Length 
Tests showed t hat the addition of a toroidal ring to the 
top of th e device lowered the natural frequency and 
improved th e capture width. 
Analysis of results shows that the addition of the 10cm 
ring gives optimum capture wi dth for a cast effective 
device. This 10cm addition will be incorporated into .the 
original shape of the device in place of the dead space 
which occurred when it was modified from the original 
Vickers device. 
Internal Geometry 
Results of tests with the Twin Oscillating Water Column 
Terminator were confirmed in that antitaper provided a 
15% improvement in capture width. It is difficult to 
make a 3 dimensional model infinitely variable in 
antitaper. However, it is beli9ved that the 15° value 
is about optimal as greater angles of antitaper will 
result in excessive duct throttling which previous 
tests with the terminator have been shown to be 
undesirable. Natural frequency is not affected to the 
extent that 2 dimensional theory suggests, but 3 
dimensional theory may elucidate this. 
Bellmouths 
The bellmouth with the raised outer section (see graph) 
gave the best capture width. 
Directionality of Wave Spectra 
The point absorber appeared to be insensiti~e to 
directionali~y and spreading function, unlike the terminator 
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Reflector 
A semicircular reflector placed behiod the point absorber 
reduced the capture width. This constrasts strongly with 
the terminator where it was found to bs beneficial. 
Analysis of 3-dimensional theory may clarify this. 
Bottom Duct 
It was found that the front part of the bottom duct in 
the direction of wave motion worked harder in all 
conditions than the rearward part of the duct. This 
implies ·that there should be directionality designed 
into the device which conflicts with the point absorber 
concept. 
Conclusions 
Figure 2.12 compares the cost effectiveness of the point 
absorber with the other devices presently being developed 
at Vickers. It is clear that it is the least ·cost 
effective device. This comparison refers to the · optimum 
performance of each device scale up from 1/lOOth scale. 
It is unlikely that further optimisation of the point 
absorber concept will result in any more than a 20% 
improvement, while modifications to the terminator mode, 
utilising the surge component of the wave, could result in 
the performance already achieved with the reflector but 
without incurring the disadvantages of the reflector. 
The symmetry of the point absorber leads to the following 
disadvantages when compared with terminator performance, 
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Conclusions (Continued) 
1. Capture width is over-sensitive to depth of 
submergence, causing excessiv~ reduction of 
performance at high tide and, by implication at 
large waveheights. 
2. The frequency response is over-sensitive to depth 
of submergence, shifting excessively towards higher 
frequencies with increasing depth. 
\ 
3. An imbalance in flow rates around the bottom duct 
indicates that the bottom duct should lead the 
top duct in a wave direction sense, for optimum 
performance. This implies a non-symmetrical 
configuration. 
On the credit side the point absorber is less susceptable 
to directionality of sea spectra, although this is taken 
into account in figure 2.12 which relates to short crested 
seas with Mitsuyasu spreading. It is also a more robust 
structure incorporating a cylindrical shape and a toroidal 
arch but this is counterbalanced by complexity of 
fabrication. 
It is clear that the terminator has great possibilities 
for development while the parameters of the point 
absorber, by nature of its symmetry, have been almost 
fully optimised in this series of tests. Some tests 
with a model which substitute the dead space for column 
length could give further insight into top and bottom 
duct separation but this could only give an improvement 
of about 10% when the cost considerations of a taller 
device are considered. 
It is therefore proposed that future work should 
conce8trate on development of the terminator design, 
which has shown great promise. 
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Future Work on th e Twin Os cill a t i ng Wa ter Column 
Three di f f er ent Twin Oscillating Water Column designs 
are consici8red: 
1. Twin Oscillating Water Column Point Absorber 
2. Twin Oscillating Water Column Terminator 
3. Twin Oscillating Water Column Terminator with 
Reflector 
It is important to relate the theoretical point absorber 
analysis (M. Simon) to the results of our experimental 
tests, particularly as the findings are so strikingly 
different from those of the terminator. Some insights 
may be gained from this as to how it can be made less 
sensitive to depth and less sensitive to bottom duct 
position. Meanwhile it is prudent to assume that these 
are features of this design and to concentrate effort 
on the terminator which shows great er promise. 
A Twin Oscillating Water Column terminator has been 
designed which models the artists impression shown in 
Figure 3.6. This device incorporates the features 
suggested by the findings of the experimental program. 
As it .is a two dimensional device it is possible to 
vary all sections, particularly: 
1. Bottom to top duct horizontal separation. 
2. Bottom to top duct vertical separation. 
3. Cro~s-sectional area of the air water interface. 
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Fu t ure Work on th e Twi n Oscil la tin g Wa t er Column Devices 
(Continu ed ) 
4. Taper angle of the inlet due\. 
5. Cell l ength. 
6. Spacing of cells. 
The versatility of this model will allow every aspect 
of the device to be explored. The goal is to modify 
the device to achieve the ahnual capture width obtained 
with the reflector by optimising the position of the top 
and bottom column thereby introducing directionality. 
There are also generic studies to be completed. These 
involve the Safety Chamber. and an automatic latching 
concept. Patents for both of these have been applied 
for. Experimental models of each of these features 
should be developed for incorporation in the Twin 
Oscillating Water Column terminator design 1 if test results 
are favourable. 
Optimisation of the Twin Oscillating Water Column could be 
completed within one year followed by design study of a 
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4.3 EFFECTS OF SCA LE OF TWIN OSCILL ATI NG WA TE R COLU MN DEVICES 
This chap te r desc r ib es the effects of scale when related 
to a cost effective design. Figure J.1 shows the spectra 
of monochromatic fr equencies that constitute a typical 
South Uist sea (Mollison, November 1979). The first 
, overlay relat es to the capture width that is expected 
rrom a 1/ 100th scale model of the point absorber. It 
~an be s een that only a very small percentage of power 
in the s ea is being removed. Nevertheless it has been 
found that this is the most cost effective device and 
analysis will show this later. By comparing overlays it 
can be appreciated that 1/200th scale is the scale at 
which r ~s~na nt frequency matches well the Te of the South 
Uist Sea. This scale is the most effective as far as 
resource efficiency is concerned. With Wave Power in its 
infancy it is reasonable to expect the first devices to 
be developed with cost effectiveness in mind and it is 
for this reason that we have discussed all the results of 
experiments and tests with reference to this scale 
(approximately 1/100th) rather than the most resource 
efficient scale (approximately 1/200th). 
The product of Figure 3.1 and the first overlay (1/100th 
scale) gives the annual total capture width in metres at 
South Uist. This is only 3.3m - a capture width ratio of 
.14. The product of Figure 3.1 and the last overlay 
gives the annual capture width at 1/200th scale 11 .7m, or 
a capture width ratio of .24m. 
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EFFECTS OF SCALE (CONTINUED) 
By measuring the gradient a t each point and its accompanying 
co-ordinates it is po3sible to read off the a ppropriate 
scale against the ind~x select ed (Sie Section of this 
report referring to scale of the Submerged Wave Chamber). 
The index is defined by cost a (scale)n. If we are 
interested in capture width per unit volume then n = 3. 
However, the section nf this report dealing with full 
scale device construction suggests that for a bottom 
mounted device in shallow water the index should be 2.5. 
The graph gives the scale for this index as 1/100th. 
Referring back to Figure 3.1 with the 1/100th scale film it 
can be seen that the greater proportion of the power in 
the wave passes by the device. It is therefore a fallacy 
to assume that a series of devices will take out all the 
power in the wave. They will all be competing for the 
high frequency component in the wave • . A cost effective 
tuned device is necessarily inefficient in terms of 
resource. 
This disparity is not confined to the Vickers device, nor 
to Water Columns, but is a feature of any tuned ~ave 
energy device. 
Referring back to Figure 3.2 and its accompanying overlay 
it is interesting to note that the results achieved from 
P.M. data [notably capture width in mms of different Te's 
multiplied by their relevant scales for a 10 second seal 
very nearly duplicate the efficiencies at South Uist 
calculated from monochromatic · data. These were short 
crested P.M. seas with Mitsuyasu spreading but tests with 
the point absorber indicate that the short crested and 
long crested seas give the same results to within 1%. 
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4.3 EFFECTS OF SCAL.E (CONTINUED ) 
The only conclusion to bs drawn from the co-incident 
graphs, then, is tha t a single P.M. sea is a fairly 
accurate representation of the South Uist sea. Figure 3.3 
shows the difference between the two seas. The P.M. sea 
has a narrower bandwidth but is a close approximation, 
made closer by the high Trequencies we are interested in 
(for cost effectiveness). Refer again to Figure 3.1 
with the 1/100th scale film and also to Figure 3.3. 
It is clear that for the shared frequencies shown the 
South Uist spectrum should give more power than the P.M. At 
1/~50th scale much of the low frequency component is 
being incorporated in the frequency response which means 
that the P.M. value should be increasirig relative to the 
South Uist. This is confirmed in Figure 3.2. 
Finally at 1/200th scale some of the very low frequencies 
are included which favour the South Uist spectrum again. 
As the P.M. sea closely approximat~s the South Uist Spectrum 
it was possible to plot the P.M. data for the terminator, 
in the knowledge that this is a good approximation to the 
response of the device to a South Uist sea (See Figure 3 .4) 
This device is affected by short crested seas and annual 
capture width plotted from monochromatic data would be 
optimistically high. The graph shows design for optimum 
cost effectiveness, with an index of 2.5, as 1/115th scale. 
As the index scale is sensitive to gradients future tests 
will be made that cover the · P.M. spectrum more rigorousry. 
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EFFECTS OF SCALE (CO NTI NUED ) 
Figure 3.5 shows a graph of capture ~idth ratio for three 
different devices. This gives a good indication of how 
effectively each device uses the ~esour.ce. Also shown 
is the mean power that the device will be generating in a 
se~ with a mean annual power of 30kW/m. The sizes of the 
most cost eff ec tive point absorber and terminator are 
shown. Unfortunately not enough P.M. data is available 
from reflector tests to give the most cost effective 
size. In absence of this the device has been chosen to 
be the same size as the terminator, 32m. At this scale 
the ter~ihator with reflector is producing almost .5MW 
while the point absorber is producing 1/Sth of this. 
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MODEL TESTS ON TH E SUBMERGED WAVE CHAMBER 
Introduction 
The Submerged Wave Chamber device was tested in th e 
Edinburgh wi de wave tan k together with the Twin Osci l lating 
W6ter Column device. This report describes the Submerged 
Wave Chamber concept and the of tests conducted to assess 
the potential of the device. 
Aim 
The aim of the experimental programm e was to compare the 
performance of the Submerged Wave Chamber in rectified 
and unrectified modes of operation, and to assess the 
effects on performance of device length, damping, chamber 
segmentation, and inlet depth. 
These variables were selected as being those most likely 
to influence the cost effectiveness of the device, 
providing a preliminary indication of potential per fo r mance, 
and suggesting the most promising areas for further 
investigation and development. 
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Description of the Submerged Wave Chamber Principle 
The Submerged Wave Chamber (SWC) ·can be regarded as a 
means of generating a s econdary wave in an underwater 
chamber, which then provides a frame of reference and 
environment within which the energy conversion system 
operates. 
Essentially an inverted horizontal trough orientated 
along the direction of wave motion, the Submerged Wave 
Chamber (Figure 4.1) responds to overhead wave pressures 
sensed along its upwards-facing inlet ducts which forms a 
secondary wave within the chamber. 
The amplitude of this secondary wave is maximised by 
suitable selection of chamber length, height, and inlet 
~uct geometry. With adequate length th~ total air volume 
remains essentially constant, unlike the original Vickers 
device which depended on compression of a relatively large 
air volume for its operation. The Submerged Wave Chamber 
has a much smaller air space, can be more compact and 
hence less costly to build. 
The device can be configured to produce either rectified 
or alternating air flows. In the arrangement for 
alternating air flow, the chamber is divided into cells 
by a number of transverse bulkheads. As the wave travels 
along the chamber air is forced through bi-directional 
turbines located between the cells (Figur~ 4.2a) or 
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nes cri ption of th e Su bmer ged Wave Ch amber Principle 
(Continu ed) 
In the arrangement for rectified air flow (Fig ures 4 .3a ·and 
b), the chamber air space is divided by fences which 
extend from the roof of the chamber to cut into the wave 
crests, forming seals. The air entrapped betwaen crests 
is forced to travel by "peristaltic" effect towards the 
inshore end of the chamber whence it is returned to 
the front compartment via a return tube and air turbine. 
This arrangement has the advantage of requiring only one 
turbine which operates at relatively higher pressure due 
to the mechanism of rectification, thereby enabling the 
use of a compact turbine and generator installation. 
Alternatively, the chamber is divided as for the alternating 
flow arrangement, but instead of providing each cell with 
its own turbine, they feed a common turbine via non-return 
valves. This arrangement has the added complexity of 
valving, but retains a single turbine and generator 
installation. In addition, the use of valves provides 
the opportunity for the introduction of phase control 
with its potential low frequency performance enhancement. 
The Submerged Wave Chamber, as an attenuator-type device, 
is inherently stable due to its orientation to the wave 
motion and its force balancing length. The device can 
therefore be moored in relatively deep water, on taut 
moorings or tension legs, to take advantage of the greater 
wave energy resource available. (Figure 4.4). 
The Submerged Wave Chamber also benefits from the improved 
survivability of a submerged device avoiding slamming 
and differential buoyancy forces, without making any 
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Testing Pro cedure 
A single nominally 1/100th scale mod~l was tested (Figure 
4.5), mounted on a purpose-built stand on whic~ inlet de~th 
and slope can be adjusted. 
;or mixed sea testing a range of Pierson-Moskowitz spectra 
with the Mitsuyasu spreading function were used, of energy 
period from .7 to 1 seconds. In addition an artificial 
sea was used, which contained 20 equispaced frequency 
components of 1mm amplitude, from .43 to 1.91Hz. With 
this the frequency response of the device could be 
generat~d using the Fourier analysis technique. 
·rn order to calculate the efficiency of the device, the 
powe~ content of each component of the sea incident on 
the device must be measured. This was achieved using 
three wave-probes lying along the line on which the model 
was to be sited. 
Pressure and water level data were recorded in each test. 
Pressure was measured with Furness Micromanometers, flow 
was calculated from pressure measurements across orifice 
plates pre-calibrated in steady air flow. There was some 
doubt as to the validity of the method of flow measurement 
in alternating flow, but a comparison of flow measurement 
derived from wave probes and orifice plates on the TOWC 
(Figure 4.6) allayed any fears. 
Water level was measured for qualitative purposes at four 
locations within the chamber using Churchill two-wire 
wave probes. The data was logged and processed on the 
Edinburgh PDP11/60 system, which could be simply programmed 
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Testing Procedure (C~ntinued) 
Data was recorded for each cell individually which, due 
to the limited instrumentation available, typically 
involved running each sea two or three times and accumulating 
the data from each ru~ on the computer .Processed data was 
finally displayed on telutype and graph plotter. 
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4.4.4 Alternating Flow Mode 
T ~ e b u 1 k of the t e s ting on the SW C h.a s be 8 n in the 
al ternati ng fl ow mode us ing the common manif~ld method, 
since this is most easily arranged experimentally and 
gives a very good indication of ths linear performance of 
.:he dev ice . 
The parameters investigated in this mode were:-
Damping 
Damping 






Distribution of Power Output between Cells. 
Damping was adjusted by interchanging the pre-calibrated 
orifice plates, which were attached to the model magnetically 
for ease of removal. 
Performance is fairly sensitive to changes in damping as 
indicated by Figures 4.7a and b which show its effect on 
frequency response and capture width in mixed seas. A 25% 
deviation from the optimal damping results in only a 10% 
reduction in capture width. The damping figurss relate 
to the ratio of the square root of pressure drop to flow, 
which are linearly related for an orifice plate. This 
represents a rather gre~ter deviation in the ratio of 
pressure to flow of approximately 33%. 
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Damp ing (Continued) 
This insensitivity to damping is to b e expected from 
t heory, (S imon [21) :-
Capture width, W = Wmax x 4 OeOr 
(De+Or)2 
De, Or internal and radiation damping. 
The optimal orifice diameter is 9mm for a 200mm cell 
length, this varies with cell length to maintain a ratio 
of orific~ area to cell waterline area of about 125. 
With this degree of damping the fluctuating pressure 
across the orifice plate expressed as an r.m.s. head of 
water is between .4 and .5 of the r.m.s~ height of the 
wave generating it, a useful non-dimensional figure which 
can be applied readily to full scale. 
Partitioning of the Inlet Duct 
In the rectified mode the central chamber of the S.W.C. 
must necessarily be partitioned into cells, and the 
frequency of this partitioning is dealt with in the 
following section. In principle however, this 
partitioning need not continue into the inlet ducts, 
that is beyond the maximum excursion of the internal 
wave, although for structural reasons they are desirable. 
Tests were therefore conducted to investigate how these 
partitions, which tend to channel the water into vertical 
oscillations only, effect the performance of the 
performance of the device. 
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Partitioning of th e r nlet Duct (Con t inued) 
Figures 4.Ba and b show the ef f e~t on frequency response 
and mixed s ea capture 1,,; idth . An improvement throughout of 
about 15% is derived from introducing these partitions. 
Cell Length 
Tests were carried out with the chamber divided into 150, 
200 and 300mm length cells. Figures 4.9a and b show an 
overall improvement in performance by reducing from 300mm 
to 200mm. The trend is most pronounced at high frequency, 
reversing slightly at low frequency. In mixed seas the 
improvement is 6% at 1.1 seconds energy period to 12% at 
0.8 seconds. 
This improvement does not however continue with further 
sub-division of the chamber into 150mm cell lengths. 
(Figures 4.10a and b). The same effect of an improvement 
at high frequency occurs, but the break even point has 
now shifted much higher up the band width. In mixed seas 
a reduction in capture width of up to 7% consequently 
results with the shorter cell. 
An optimum cell length of about 200mm is therefore 
indicated to match the response of the present model. 
This represents a ratio of wavelength at resonance to 
cell length of about 6 which agrees closely with the 
~nalyses by Lighthill and Simon [1,2]. They predict 
that the maximum pressure amplification occurs for a 
single submerged resonant duct at a similar value of 
A/6. Evidently the more complex case of an attenuator 
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Device Length 
The model tested has a fixed length of 1.2m, but the 
performance of a reduced length dev~ce was investigated by 
blocking off various lengths of t he inlet ducts with foam 
rubber at their leeward end. This technique models quite 
accurately the internal behaviour of a shorter model, but 
inevitably creates a distorted flow pattern outside. 
It is hoped that a blockage at the rear of the model has 
less effect on its performance than one at the front. 
The results of these tests are displayed in Figures 4.lla 
and b. The effect of a reduced length is to attenuate 
the response to lower frequencies. This has a considerable 
effect on mixed sea performance, where an almost linear 
improvement in capture width per unit length, with length, 
is observed. 
Attenuation of the lower frequencies occurs due to the 
suppression of net upward and downward motion by the 
relatively incompr8ssible air space within the chambe~. 
This effect is quantified in Figure 4.12, in which the 
change in air volume of a freely vented chamber (a 
measure of the suppression of an enclosed chamber) is 
plotted against device length/wavelength. Superimposed 
is the bandwidth of the current model with its full 1.2m 
length, and it is apparent that at the lower end 
considerable suppression is still taking place. From this 
analysis it appears that significant improvements in 
productivity can be expected for at· least a further 50% 
increase in device length. The perfo~mance imp~ovements 
arising from an incresed device l ength must however 
be balanced against structural considerations, which 
will be discussed in a later section. 
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I nlet Depth 
The performanc e of the S. W.C. wa s inyestigated at a range 
of inlet depth s from 40mm, the optimal depth, to 150mm, 
by which power output was attenuated typically by a factor 
of two. Figure 4.13a shows the effect on frequency 
1·esponse, fr om which it is evident that the natural 
f requency, and general shape of the response remains 
unchanged. Figure 4.13b shows the effect of depth in 
mixed seas. The shorter energy periods are effected 
most severely, attenuating by a factor of 2.5, greater 
sensitivity at high frequency where depth, z is large 
compared ~ith wavelength, A, is expected since the 
existing pressure fluctuation is given by: 
p = p e -2 ,r z / A 
0 
A further graph, figure 4.14 plots the ratio of frequency 
responses at the two extremes of depth, and shows clearly 
how the reduction in performance at depth varies with 
frequency. The increasing sensitivity to depth at high 
frequency, discussed above, is quite marked, the ratio of 
capture width falling from 1 to .1 across the bandwidth. 
The overall trend agrees quite closely with the exponential 
law governing the decay of power with depth, which has 
been superimposed on the graph. A further effect however 
is also apparent, the fall off with frequency is modulated 
by a resonant effect, offsetting the exponential decay of 
power. At its peak the ratio is almost twice the 
exponential function~ This is well in accordance with 
theory (Lighthill [11), which indicates that for an 
idealised device with no internal losses and linear 
damping this resonant effect can be more marked to the 
point where at its peak no attentuation with depth is 
incurred. 
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Waveheight 
The SWC wa s tested in two mixed seas ., 0 .8 and 1 second 
8nergy period, and r.m.s. waveheight was varied between 1.5 
and 10mm. Th e results are presented in Figure 4.15 
In both seas t he device performed most efficiently in a 
we.veheight of 4mm r.m.s. Above this, efficiency decays 
gradually du e to increasing frictional losses arising 
from high fluid velocities within the device, but the 
effect is fairly minor amounting to only 10 .and 15% in 
the range tested. 
Below the optimum waveheight, efficiency falls away more 
rapidly. This is possibly due to surface tension, which 
creates a pressure on the water column comparable with the 
orifice pressure drop at these waveheights, in which case 
the effect will dissappear at larger scale. Moreover, 
whatever the cause of this phenomenon, in view of the low 
power content of these waves, a low efficiency is of 
little significance. By matching the device to a typical 
wave climate it can be shown that t his lapse of efficiency 
is responsible for a loss in total annual energy output 
of 1 e s s t h an 1 ~" • 
In the mid range of waveheight the optimum orifice diameter 
for a 200mm cell length is 9mm as reported earlier. This 
does not hold good throughout the range of waveheight 
however, as the optimal diameter increases slightly with 
waveheight to compensate for the square law pressure flow 
· relationship of an orifice plate, which tends to increase 
damping with waveheig ht. 
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Duct Taper 
The taper of the inlet ducts of the model tested can be 
adjusted by pivoting its outside walls (Figure 4.5). The 
device was tested with these walls upright, swung cut at 
15°creating tapered ducts, and swung in at 7.5° to 
form antitapered ducts. The results are presenteo in 
Figures 4.16a and b, in which the capture width sc~les 
have been adjusted to take account of the different c~oss-
sectional areas of the three configurations. 
From parallel to antitaper there is a discernable shift 
in response towards lower frequencies. This is reflected 
in mixed seas where antitaper performs better above 
.85 seconds energy period. Improved performance at low 
frequency is of particular value, due to cost implications 
which will be discussed in the section on Scaling. The 
predominant effect of pivoting in the walls however 
was a reduction in bandwidth, which is mainly due to the 
reduction of the size of the inlet. 
The converse effect, of increasing bandwidth due to the 
wider inl~t of the tapered duct, unfortunately swamped 
the true effects of taper alone, and little can be concluded 
about these from the test. The test does however suggest 
that, judging from the high mixed sea efficiency with 
taper, there is scope to increase duct widths and hence 
the cross-sectional area of the SWC, with a worthwhile 
return in power output. 
In order to isolate the effects of duct taper from duct 
size, far greater adjustability of duct geometry is 
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Distribution of Powet Output betwee n Cells 
The dat~ presented hit herto r e la t es to gross figures for 
the device as a whole. for all tests however, the 
contribution of each cell was also record ed. 
Figure 4 .17 shows hov,1 eal;h cell contributes to the total 
frequency r esponse of the device, and it can be seen that 
the distribution is very uneven. With an improved 
distribution, higher efficiencies might be achieved, and 
certainly the maximum water column oscillations which 
need to be accommodated will be smaller,leading to a 
smaller device. An understanding of the cause of the 
irregularities is first required , and an insight is 
given in Figure 4.18, which plots the r.m.s. pressure 
fluctuations, non-dimensionali s ed against waveheight for 
four mixed seas. It is apparent that the variations in 
pressure are not erratic, but follow very smooth curves, 
which could be described as standing waves. This is 
reinforced by the fact that the wavelength of these 
waves tends to increase with energy period. The 
irregularity of the standing waves is only to be expected 
since the seas which give rise to them are irregular. A 
common feature in all seas is that the standing waves 
originate from an antinode at the rear of the device. 
This provides a clue to a possible method of eliminating 
the waves, to taper the width of the device at the back 
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Rectifi ed Flo w Mode 
Limit ed t es tin g has been conducted on the peristaltic 
method of generating a rectified flow of airJ the param~ters 
tested were: -
Damping 
Fence and Partition Spacing 
Device Length 
Similar trends existed . as for the alternating flow mode. 
Performance peaked with damping equivalent to a single 
10mm orifice for the entire device, providing a relatively 
higher degee of damping. 
The ideal fence and partition spacing was 200mm as 
for the alternating flow mode, and performance increased 
steadily with overall device length. 
The performance of this mode in mixed seas is compared 
with the alt ernating mode i n Figure 4.19. The capture 
width of the rectified flow mode is only 65% of that for 
the alternating flow mode. Experimental work in the near 
term consequent l y will be concentrated on the alternating 
flow mode to assess the potential of the device, but the 
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Future Exp eriment a l ~ark 
Future experimental work will be £oncentrated on the 
followin g topics:~ 
( 1) Device Length 
The effect of further increases in device length will 
be studied with the next model which will be comprised 
of 200mm detachable modules. 
(2) Duct Taper and Width 
The effects of duct width 1 and a change in duct width 
from inlet to air water interface will be studied 
in isolation. This will be achieved with the ability 
to adjust the width of the inlet duct and the central 
chamber width independently. 
(3) Power Distribution between Cells 
Work will be directed towards achieving a more even 
distribution of the power output between cells. 
(4) Rectification 
The next model will be designed to accept simple 
flap valves for rectified flow tests, to examine the 
potential for phase control. By measuring the pressure 
and flow within each cell as in the alternating flow 
experiements the total power generated can be 
determined. Si milar measurements after rectification 
will establish the losses in the valves, but these 
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Future Exper imental Work (Continued) 
(5) Motion as a Tethered Device 
The model will ~e given extra buoyancy and moored by 
taut lines si mulating a tension leg mooring system. 
The motion of the device in waves, and the e,·fect of 
this motion on performance will be measured. 
(6) Internal Stresses and Mooring Forces 
These will be measured using strain gauges and load 
cells. 
(7) Array Effects 
Initially the performance of a device in an infinite 
array will be simulated with the use of reflector 
walls to provide lines of symmetry. Later, when the 
device has been more fully optimised, arrays of three 
or more models will be tested, particularly in angled 
seas, to assess the effects of the directionality of 
arrays. 
(8) The Submerged Wave Chamber as a Terminator 
The SWC was originally envisaged as an attenuator, 
gaining pneumatic and force balance by spanning 
waves in their direction of motion. In theory 
however, if sufficiently long to achieve a pneumatic 
balance in a crestwise direction, the SWC could 
operate as a terminator, though in this mode it 
would necessarily become a bottom mounted device. 
Some tests will therefore be carried out in short 
crested seas on the SWC in this mode, to assess 
its performance and cost effectiveness compared 
with the attenuator mode. 
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Selection of the Full Size Device Sca le 
In order to optimise the scale of a full size swc 
relative to the present mod el ' it is necessary to 
compare its frequency response with the wave climate 
data at its proposed site. 
rigure 4.20a shows the projected frequency response of 
the SWC at a depth of 6 m, for devices 100, 120 and 
150 times the present model dimensions with its 
full 1.2 m length. 
Superimposed is the distribution of power off South 
Uist, a favoured site, in waves up to 1 m r.m.s. height, 
collated by Mollisonl3]. The application of a wave 
height limit will be discussed in a later section. 
It can be seen that the response of the X100 device 
is far higher frequency than the wave power distribution, 
and even at X150 the match is not perfect. However, 
further analysis shows that a good match between 
response and · wave climate is not necessarily a 
desirable feature. 
Also included on this graph is a Pierson Moskowitz 
spectrum chosen for the best fit with the South Uist 
data. The shape of the distribution is very similar 
but bandwidth is reduced by about 20%. 
The fraction of power in each group of the distribution 
was then multiplied by the mean capture width in that 
frequency band for each of the three devices. The 
resulting distributions are plotted in Figure 4.20b 
Each value can be considered as the contribution within 
the given frequency band towards the mean annual capture 
width expected in this wave spectrum, which is then 
calculated from the sum of the contributions. 
4:65 
4.4.7 Selection of the Fu11 Size Device Scale (Continued) 
The mean annual capture width is plotted against scale 
in Figure 4.21. It is important to note that the 
gradient of the curve decreases with increasing scale, 
in other words increasing scale brings diminishing 
returns". 
At this point some measure of the capital cost of 
the SWC must be introduced. In the top insert 
of Figure 4.21 a typical curve relating cost to 
scale is superimposed on the capture width curve, 
with scales chosen so that the curves just touch. 
At the point of contact of the two curves, cost/ 
capture width is a minimum, that is the device is 
most cost effective, since by increasing or 
decreasing scale the two curves diverge cost 
increasing faster than capture width. ·At this point . 
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Selection of the Full Siz e Device Scale (Continued) 
Now assuming that cost is related to scale by a function 
of the form:-
c = Ksn 
de= Knsn-1 = c nsn-1 = n c 
ds 
• 










Therefore, at the point of maximum cost effectiveness:-
dw 
ds = n 
w 
s 
The index has been calculated for the three scales and 
the values plotted in the lower inset of Figure 4.21, 
which represents the optimal scale for any cost 
index. A realistic index is likely to lie between 
2.5 and 3, implying an optimal scale factor of 110. 
The comparison was drawn earlier between the South Uist 
data and a single P.M. distribution. In fact if the 
same procedure is carried out using the P.M. 
distribution, the mean annual capture width of the X150 
device is increased by only 4.2% due to the reduced 
bandwidth, and is actually 1.3% lower for the X100 
device since the response falls on the shoulder of the 
wave power distribution. In view of this the scale 
analysis was also apRlied to mixed s ea tank test data. 
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Selection of the Full Size Device Scale (Continued) 
Assumin g a representative energy pertod of 10 seconds, 
mean capture widths have been calculated for three 
scales of device and are plotted in Figure 4.21. 
These figur es are only 60-70% of the equivalent values 
calculated by synthesis of the distributions. The 
cause of this disparity can only be the spreading 
function applied to the mixed seas, making them short 
crested. 
The main object of the analysis however is to establish 
the optimal scale of the device, and if the cost index 
is calculated as before, a second curve of optimal 
scale is produced which crosses the original curve in 
the region of interest, again indicating an optimal 
scale factor of 100 - 110. 
Utilisation of Resource 
The above analysis is aimed at maximising the cost 
effectiveness of the SWC. If, instead, the goal is 
to make the best use of the wave energy available, 
then different and rather conflicting criteria are 
involved. The relevant index is now 1 and the optimum 
scale, at which response and wave energy distribution 
are now matched, occurs at about 175. 
The discrepancy between optimal scales is not peculiar 
to the SWC : it is inevitable if device response 
and wave energy distribution have finite bandwidths. 
4:68 
4.4.7 
\Vf r. · d Pr · t n· · · ~ ~Jes1gn on OJ~C s tvismn 
Selection of the Ful( Size Device Scale (Continued) 
Device Capacity 
In the scale optimisation, the assumption was made that 
the SWC would function only in waves less than 1 m r.m.s. 
height. This is a reaso~able first estimate with the 
limited data available; e device 100 times the present 
model scale could indeed operate satisfactorily in 
waves in this range, but by similar reasoning the X120 
and X150 devices could operate up to 1.2 and 1.5 m with 
a resulting increase in tha overall resource utilisation. 
This would bias the optimal scale upwards. 
Furthermore, this assumption of a waveheight limitation 
is a rather course one since ·it implies that above the 
limit power output will cease. The waveheight limit is 
applied to take account of the limited capacity of the 
SWC. This is set by two factors, the rated output of 
installed plant, and its 'maximum swept volume', that is 
the maximum amplitude of oscillation of the water columns 
that can be accommodated. In higher waveheights however, 
power output would not actually cease. A better assumption 
is that with further increases in height the SWC continues 
to generate the rated plant output, and the water column 
oscillations are limited to the maximum swept volume by 
a throttling system, thus dumping excess power. 
Figure 4.22 presents the percentage of wave energy available 
off South Uist to a wave energy device operating at its 
~redicted capture width up to a given waveheight, and at 
a constant power above, plotted against the waveheight 
at which the transition occurs. The data is taken from 
total wave energy available off South Uist between March 
1976 - February 1978 collated by Miller and Hogbenl4]. 
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Selection of the Full Size Device Scale (Continued) 
Now the swept volume of a device 100 times the model 
scale which could accept up to lm r.m.s. wave hei ght 
represents about 25 % of the total structure cost, and 
the plant about 10%. Therefore, for a given scale of 
device, if these costs are considered proportional to 
the transition waveheight, the overall cost would rise 
as the dotted line in the Figure 4.22. On this basis an 
improvement in cost effectiveness will be expected at a 
30% increase in capacity. 
With the data available at present it is not possible to 
analyse the effects of device capacity on cost effectiveness 
very accurately, but the points discussed above will be 
taken further in future work. 
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Conclusions 
The Submerged Wave Chamber is praying itself a promising 
derivative of the origin~l Vickers device. It compares 
well with the other derivatives in terms of performance 
(Figure 2.12), whilst benefiting from the force 
balancing properties of En attenuator, which allow it 
to be moored in deeper water if the economics are 
favourable, to avail itself of the larger wave energy 
resource available. A detailed costing has yet to be 
undertaken, but after comparing the performance data 
with that for comparable devices, we conclude that a 
figure of 6p/kw hr is entirely realistic. 
The prospects for future work are exciting, with great 
potential for further improvements in efficiency and 
cost effectiveness promised by optimisation of device 
length, duct width and taper, the distribution of powef 
output within the device and by the introduction of 
phase control. Meanwhile, in coordination with the 
theoretical work in hand, experimental work will be 
initiated on the dynamics and stressing of the SWC, 
in order to assist in the design of a full scale structure 
and mooring system. 
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The Submerged Wave Chamber 
Trapped 
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Comparison Between Flows Computed From Water Level and Orifice Pressure Drop. 
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Design and Projects Division 
THEORE TIC AL ANALY SI S' 
In 1978 Sir James Li ghth iJ.l (1) published an anlysis of a 
two-dimensional submerged resonant duct. The initial 
comparison with our 'point absorb er' type device although 
predicting the general trends, did not give very good 
agreement with the depth ex periments. However, with 
later tests tl\/ i th a 'termi nator' type device the general 
agreement is better and t his is also true for our 
'attenuator' type devic e . The theoretical prediction 
of no change in the resonant frequency with depth is born 
out by the experimental data for these models. Further 
comparison with these devices is made in the experimental 
section. 
For some time M. Simon (~) has been investigating 
theoretically a three-dimensional symmetrical oscillating 
water column, with an upward facing inlet duct. The main 
assumptions being infinite sea depth and monochromatic 
seas. Several important points have emerged to give 
guidelines for a symmetrical wa ve power device based on 
the oscillating water column concept. 
From ('1.) defining the energy radiation in new waves as 
where 
Ew = 1 p wKDrjQj2 
4 
K = wave number = 2 Tri)... 
>.. = wave length 
w = wave frequency 
Dr = r2diatior. damping 
Q = flow in the duct 
coefficient 
5 : 1 
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5.0 THEO RETI CA L ANA LYS IS (CO NTINU ED) 
With a lin ea r energ y extra ction s ystem, the e r. ergy 
extraction ra te can bo wr it t en as 
where 
Ee = 1 p w K De!Ol 2 
4 
De= extraction damping coefficient. 
Defining Cw as the capture width of the duct KC w = ~ only 
at the resonant condition and when Ew = Ee. Then Cw= 
Al2n the theoretical ma ximum. Setting the aspect ratio 
h/r (where h ~ duct inlet depth, r = duct radius) and 






f(Z) f(s)ds = 1 ( µo) 
µ 0 
µ 0 = µ at resonance 
I\ 
rl (µ 0 ) = the ad ded lengt h at µ =µ 0 
a function describing taper f(s) = A(o)/A(s) 
duct inlet area 
duct area at distance s from inlet 
the length of the water column 
For the untapered case the above equation simply becomes 
I\ 
r 1 ( µ 0 ) = Al 2 n - Z 
The energy extraction properties will only depend on 
A(o)/A(s) provided the taper is smooth, i.e. there is no 





~ Design and Projects Division 
Theoretical Analysis ' (continued) 
If the taper function f (z) is fix.ed then 
K • Cw = 0 r ( µ 0 ) Dr ( µ ) 
1 / 4 [ Dr ( µ 
0 
) + 0 r ( µ ) J 2 + ( f ( z ) / it 
O 
-'l ( µ 
0 
) +'1 ( µ) - f ( z ) / µ ) 2 / ,r 2 µ 2 
This assumes De (µ) = De (µ 0 ) 
For the 'optimum' design, the second term in the 
denominator should be as small as possible over as wide a 
frequency band as possibls. This implies that the modified 
length f(z)/µ- 1(µ) should change as little as possible 
over the frequency range. 
Figure 5.1 shows the modification to water column length as 
a function of µ for various inlet duct depths and with 
a fixed duct diameter. From this figure, it is clear 
that there is an optimum depth for the above condition 
and that above or below this depth .the modified length 
varies more rapidly. The optimum occurs because the added 
length has a negative portion below a certain aspect ratio. 
This was also predicted with the two dimensional analysis. 
This optimum variation in modified length occurs.at h/r~0.4, 
and taking the middle of the range µ = 0.75. For a 
tuned wavelength of A= 100m this gives an inlet depth 
of 4.8m and for A =120m an inlet depth of 6m. It is very 
interesting that there seems to be a significant change 
in the added length (and therefore modified length) going 
from a two dimensional to a three dimensional analysis. 
5:3 
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Theoretical Ana l ysis (cont i nued) 
Figure 5.2 is a plot of modi f i ed l eng th for a straight duct 
and for a du ct with anti-taper where A(Z) = 1.25A(o). 
There is a further reduction in the · change in modified 
length across the bandwidth, and this is reflected by a 
slight incre ase in bandwidth. For the scale mode] devices 
the anti-taper can be increased so that A(Z)-e-2A(o), and 
this should give a significant improvement in bandwidth 
if the theoretical trend continues for larger area ratios. 
Figure 5.3 shows how the theoretical bandwidth varies with 
inlet dept h forµ 0 = 0.8 and indicates how the modified 
length affects the bandwidth. The implication is that it. 
would be very difficult to design a device that has good 
bandwidth and also a large duct inlet depth without having 
a very large device. 
Figure 5.4 is a comparison of the theoretical (half power) 
bandwidth ratio (the bandwidth at depth h/maximum bandwidth) 
with experimental values for the T.O. W.C.and the S.W.C. 
The main reason for the discrepancy is probably due to 
the n on a x i - s y mm et r i c n at u re of t h e d e v i c e s , .( t h e y are 
somewhere between two dimensional and three dimensional 
in their behaviour). There will be a finite depth 
effect, and also the T.D.W.C. has a significant change 
in resonant frequency with depth. 
As mentioned previously it has been assumed that De has 
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Theoretical Analysis {continued) 
Examining the expression (De + Dr)2 
4De0r 
for De/Or from 0.5 to 5 the expression only varies from 
1 .125 to 1.8 Simon (2) h2s shown that Or only varies by 
approximately a factor of 2 over the range of interest. 
It thus depends mainly on how De varies for the chosen 
method of power extraction. We have chosen the Wells 
turbine and we have insufficient information to evaluate 
De at present. The two-dimensional analysis (1) gives 
similar values for the radiation damping coefficient Or 
over the range of interest. 
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V Design and Projects Division 
FORCES ON DEVICES 
The forces on all the devices have b~en determined for 
the 100 year storm wave which has a period of 16 seconds 
and whose height is limited to the maximum unbreaking 
wave inshore or 32 metres offshore. 
The forces acting on a submerged device, which give 
resultant horizontal and vertical forces are inertia, 
drag and buoyancy. 
Once a device .breaks the surface of the water additional 
forces due to slamming and surge are imposed. 
The resultant vertical and horizontal components of the 
inertia and drag force were computed using Morrison 
Equations. The inertia is a function of ·the water 
particle acceleration and the drag force is dependent 
on the square of the particle velocity. 
Both these terms are variable and dependent on the position 
of the wave crest relative to the point being considered 
and its vertical position from the sea bed. 
When the dimension of the device perpendicular to the 
wave crest is less than 15% of the wave length, the 
pessimistic assumption was made that the water particle 
velocity and acceleration are constant across the device. 
When longer devices were being assessed, such variations 
were considered. In all cases the variation with respect 
to wave height was taken into account. 
6: 1 
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V Design and Projects Divi.sion 
. 
FORCES ON DEVI CE S (Continued) 
The buoyancy force WclS ta ken as a f luxional force when 
the device breaks the surface of the water. 
The slamming force was only cons i derad when a rising 
water l evel passed an increasing horizontal cross-section. 
The surge force was found to exist experimental when the 
top of the device approached the surface of the water. 
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ORIGIN AL VICKERS DEVICE 
A det a il ed inves tigation has been carried out on this 
device. The pap er "Wave Pressure on Vertical Circular 
Cylindrical Obstacles" by D.D. Lappa and V.V. Kaplin[6] 
gives the horizontal pressure distribution around the 
device in tour terms, T1, T2, T3, and T4. 
These terms being positive for pres sures acting towards 
the centre of the cylinder. 
T1 = yz and is the static pressure in still water 
cash k (H-z) cos ot is the pressure due 
cash kH to the height of the 
wave. 
T3 = ydkKv h cash k(H-Z) sinot case 
2 cash kH 
and is the pressure due to the inertia forces. 
T4 = -..rb_2kKv2 cosh 2k(H-Z [3 sin 2 e cosot-coselcosecosot!Jcoscrt 
4 sinh 2kH 
and is the pressure due to the drag force. 
6:3 
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ORIGI NAL VICKE RS DE VICE (Conti nued) 
These terms were integrated around and over the height of 
the device to achieve the resultant horizontal forces. 
Terms T1 and T2 give no resultant force. 
Term T3 gives a net horizontai force F1 per unit length 
and a total force of F3. 
'I 
F' 3 = -~ 
2 kKv h cash k(H-Z)sin crt per unit length 
4 cash kH 
F3 = -~2 Kvh sinh kb sin ot as the device sits on 
4 cash kH the sea bed. 
This conforms with the inertia term in Morrisons Equation 
if Kv (velocity correction factor) is replaced by Cm/2. 
Term T4 gives a net horizontal force F4 per unit height 
and a total force F4. 
F /4 = ~ 2 k K~ cos h 2 k ( H- Z) cos at I cos at I per u n it 
3 sinh 2kH height 
F4 = ydh
2 K~ (2kb + sinh 2kb) cos at I cos at I 
12 sinh 2kH 
This conforms with the drag term in Morrisons Equation 
1..f K2 1·s 1 d b 3 C /4 v rep ace y x O ~ 
There is an air/water interface in the device. Where 
there is water on the inside of the shell, T1 becomes 
zero. The air in the device will modify T1 to yZ-PA, 
where PA is the air pressure. 
6:4 
6 .1 
"jp n · dn.. • t 11' ' · ~ :i.,2s1gn an n:01ec s !JlVl'.non 
ORIGINAL VICKERS DE VICE {Conti nu ed) 
Term T' is constant pressure l oad and will give a 
circumferential tension in the ring of P1 
P1 = -(y l - PA) d 
2 
/ unit length 
Term T2 is constant pressure load around the device at a 
particular position of the wave and will give a 
circumferential tension P2. 
P2 = -y3-b_ cash k (H-Z) cosot / unit length 
4 cash k H 
Term T3 is a varying pressure load around the device and 
the horizontal force will be reacted by a circumferential 
shear load within the shell. The result will not cause 
any bending or radial shear load in the ring but a 
circumferential tension P3. 
P3 = -yKv d
2 h k cash k (H-Z) cos e sinot/unit length 
= 
4 cash k H 
+ 1 F1 
- 3 
c as 0 s i n at I u n it 1 en g t h 
Term T4 is a varying pressure load around the device and 
the horizontal force will again be reacted by circumferential 
shear load within the shell. This will result in bending, 
radial shear and circumferential tension. 
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OR I GINAL VICKERS DE VICE (Cont in ued) 
Using Morr is on ' s Equ ation the ve~tica l inertia and drag 
force s are: 
Cm h (cosh kb -1) cosot 
2 cash kH 
F 4 v :: .1.!.E!_ 
2 h 2 k CO s i n 
2 kb s i n ot I s in ot I per u n i t 
16 sinh 2kH height. 
After investigating several variations of the submer ged 
duct design, a device 16m high and 29m diameter was 
decided upon as the best compromise for the currently 
available information. 
The operat i ng sea depth of the device is 23m. The considered 
maximum wave has a period of 16 seconds and length of 
225m f rom 
The maximum wave height of 18.1m, associated with the 
wave length was determined by 
h = 0.142 A tant:H) 
These were the criteria used for the design of the device. 
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ORIGINAL VICKERS DEVICE (Continued ) 
The loading in the vertical walls was computed for 
increments of wave position of 5° and around the device 
of 5° and the maximum and minimum tensile and compressive 
load in each wall together with .maximum shear load between 
them, (all per unit length) were tabulated (See Arpendix I) 
at 1 metre spacing down the device. Also in Appe~dix I 
is the maximum horizontal inertia and drag forces. 
Each wall was considered to be pre-stressed during 
construction to take account of the tensile load. Both 
walls are 0.6m thick concrete. 
To assess the quantity of circumferential pre-stressed 
steel the average tensile load was determined, in the 
outer ring 1.24MN/m, inner ring 1.48MN/m. Allowing the 
pre-stressing steel to be set up at 170MN/m, the average 
conten~ in each wall is 0.0073m2/m (1~22% by volume) in 
the outer wall and 0.0087m2/m (1.45% by volume) in the 
inner wall. 
Combining the compressive with the pre-stressing loading, 
the maximum compressive loading in the concrete is 
2.14MN/m in the outer wall and 2.325MN/m in the inner 
wall, giving maximum compressive stresses in the concrete 
of 3.57MN/m2 and 3.BBMN/m2 respectively. 
The top surface will be subjected to a pressure difference 
of 16m of water (0.157MN/m2). The area between the walls 
was considered to be a flat plate 0.6m thick, 28.4m 0/0 
and 21.6m I/O with both ends supported and fixed. The 
maximum radial stress occurs at the inner edge and is 
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OR IG INAL VIC KE RS DEVICE (Continued) 
To remove the tensile stresses, the ~urface of the concrete 
will be pre-stressed to the above value, whiGh will 
require 1 . 55% of steel by volume working at 170MN/m2. 
Th8 curved top surface has a similar thickness of concrete 
~s the flat section. As its shape and the smaller diameter 
will reduce the loading, only 1/3 of the concentration of 
pre-stressing steel will be required. 
ihe total pressure loading on the top surface will be 
70MN. Th ~ weight of the structure within the inner wall 
is 15MN. The combined horizontal cross-section of the 
two walls is 94.25m2, which gives an average tensile 
stress in the concrete of 0.58MN/m2, which would require 
vertical pre-stressing steel of 0.34% at the top, reducin g 
to 0.17% at the bottom. By grading the pre-stressing 
steel down the device, the average will be 0.26%. 
Combining the circumferential and vertical pre-stressing 
steel gives an average content for the two walls of 1.5% 
by volume ( 155 tonne). 
the flat top surface has a volume of 188m3 of concrete 
and 2.9m3 (22.9 tonne) of pre-stressing steel. The curved 
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ORIGINAL VICKERS DEVICE (Continued) 
Total pre-stressing steel in vertical walls and top 
surfaces is 184 tonne. The remaining 46 tonne is an 
allowance made for use in the anchor attachment area. 
·rhe remaining concrete, 3300m3 , including attachment 
crea, has not been the subject of detail analysis, but is 
generally considered to be lightly loaded, so an allowance 
of 1% reinforcing steel has been taken (260 tonne). 
The power modules will be fabricated from steel. The 
generator and control equipment compartment of the modules 
will be pressurised to apprcximately 17 metres of water, 
before the device is placed on site, to ensure minimal 
loading during operation. They have been designed to 
withstand this pressure while dry. 
No investigations have been carried out into the effects 
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ORIGINAL VI CKE RS DEVICE (Continu ed) 
APPENDIX I 
VICKERS WAVE POWER DEVICE 
Loading in vertical walls due to horizontal wave forces 
(Static and wave height pressure, internal pressure, 
inertia forces and drag forces). 
Water level in device from base 
Diameter of device 




Depth of water 
Wave -length 
Wave height 
Maximum vertical inertia force 
Maximum vertical drag force 
Maximum horizontal inertia force 













16 .1 metres 
9. 75 MN 
2 .51 MN 
44.52MN 
8. 91 MN 
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6.1 ORIGINAL VICKERS DEVICE (Continued) 
DISTANCE FROM TOP OF DEVICE= 0 METRES 
OVER WHOLE WAVE CYCLE 
Max Tens. Load in Outer Ring = 1 .5001 MN/m 
Max Comp. Load in Outer Ring = 0.3988MN/m 
Max Tens. Load in Inner Ring = 1. 8638 MN/m 
Max Comp. Load in Inner Ring = 0.3236MN/m 
Max Shear Load in Whole Ring = 0 .2480MN/m 
DISTANCE FROM TOP OF DEVICE = 1 METRE 
OVER WHOLE WAVE CYCLE 
Max Tens. Load in Outer R.ing = 1. 5429 MN/m 
Max Comp. Load in Outer Ring = 0.4546MN/m 
Max Tens. Load in Inner Ring = 1. 8933 MN/m 
Max Comp. Load in Inner Ring = D.3797MN/m 
Max Shear Load in Whole Ring = 0 .2424MN/m 
DISTANCE FROM TOP OF DEVICE = 2 METRES 
OVER WHOLE WAVE CYCLE 
Max Tens. Load in Outer Ring = 1 .6303 MN/m 
Max Comp. Load in Outer Ring = 0.5115MN/m 
Max Tens. Load in Inner Ring = 1.8687 MN/m 
Max Comp. Load in Inner Ring = 0.4369MN/m 
Max Shear Load in Whole Ring = 0 .2373MN/m 





Publications Sales Office 
Building Research Establishment 
Garston 
Watford, WD2 7 JR 
Please send . . . . . . copy/copies 
of the BRE Microcomputer 
Package: Assessment of conden-
sation risk in the envelope of a 
building at £ 7 5 plus VAT. 
Quote Reference AP 1 5 
Please note that this package is 
for a Hewlett Packard HP85 
although it could be easily ' 
transferred to other machines. 
I enclose payment of 
(cheques payable to the Depart-
ment of the Environment) 
Name 
Address 
r~ ....... 1111-• BUILDING 
I a I r1 ::.I RESEARCH 
.___. ... _. .. _ .. ESTABLISHMENT 
Department of the Environment 
., ., 







r I BUILDING L El r1 :.I RESEARCH .. _ _.._ ................. ESTABLISHMENT 
Department of the Environment 
The consideration of the risk of condensation 
occurring should form an early part of the 
building design procedure. 
This BRE package is designed for architects, 
specifiers, builders and others concerned with 
the thermal performance of buildings, and can 
be applied to walls as well as flat roofs. The 




the U-value of the structure 
the temperature profile through the 
structure 
the vapour pressure profile through the 
structure 
(4) the dew point profile through the struc-
ture and hence the risk of condensation 
at each point in the structure 
This package includes 
A user's guide making clear the assump-
tions and limitations of the program and 
presenting worked examples 
A programmer's guide containing a 
description of the variables used, flow 
charts, and program listings, which is 
intended to aid the transfer of the program 
to other computers 
A theory paper on the subject of conden- , 
sation (Digest 110) 
A programmed DC 1 OOA tape 
A data bank of thermal and vapour 
resistivities accessible by appropriate 
keywords published in the user's guide 
Worked example No 2 from 'BRE-CON' 
Example 2 
-Hllt"\111,._,.ln,a. 
. . . 
· ···~~,,. ,.,.. 
~&ISll'ln11'1TI',, . -




nian UI• oaloult.tlona allOv Ulat H .. Y ba n.auur-1 to control air tiualdtt)' 
lnelda tha buJ10tns tor.cl"'°• l'lalt ot-..taM41tlon. 
Worked example No 2 
IC!JboaNI 
,,,., ,,,.,. 










OUUIO.alr" t ... 
Ouutdaet,-Jl"II 
W.yar I Nta,-let 






Type IIUfl t.yar ••t.rtd 
Typel2 t.a1ar,thJ01u1 .. 
T)"pe CHJr,115 i..y.,. 5 Mt.trial 
Typto 10 L.ayal'5 thlokn•• 
l'raulCJ Plot 
....... IC. CGJ,y 
ASU'.SblHC THI:: ltlSIC OF 
COH<K'.HSATIOH I H A ltOOF &Y h4£ 
OEM POINT HETHOO 
---,-----------------------------
IHPllT DATA 
TE"P UP RH 
rtn • 2e e u,,. •15 3 RH •65 111Jt 
Tou1• l e Vou1• S , 9 RH •98 e:r. 
HO Of" LAYEltS • 5 
LAYElt "ATERIAL 
PLAST8RO 159 45 13 
AIRVEHT S 5!16 8 2:,9 
OOUGLPLY 143 2898 2.S 
SUR 189 68888 12 
C111PPIHS 588 28 18 
SURFIICE VAPOUR TEHP 
8 1:1 27 1, 3!1 
1 IS 2, 18 . 86 
2 14 2' 2 . 88 
l IJ 72 1 . 4.9 
4 .S 92 1 38 
S .S 92 l , 24 




12 . ,2 1 
12 84 ._ - .. 
- !19 
U-UAI..UE • 312382856429 
WAltHl HC - U-VALUE HOT CORRECT 
VALUli AFFECTEO 8Y IUR:I.IEHT LAYER: 
Worked example No 2 
(continued) 
-,,. ... 15 










11 ... 1a, .. s 
{CMpplna~a6) 
o.ai.• lllo of 1.,..,.. 





a..,.,. 1 .. u,.,., 
Trpe 150 i.y.,. ;r u,1o1in ... 
TypeT Anoth ... 1-,.,. 
T)'peS lnP1,1thy.,.5 
TyP4 roMl'1X.TU l.eyarS-c...-lal 
T)'pe2' W)'erSthlcknH• 






,.._15 .. -NII 
,,. ••• u &dlt 
Type T &dlt ell' da.U 
TJpe2 Alrt-.i•Srh 
T)'pe2'0 1.MtOaalrt•p 
Type~ 1 ... tdeell'Jrh 
type 1 OUUIO. •lr t-si 
Type to O\lutdlelr S rh 
Tn,elll lllotecllt,._rdat.e 
,,._lt2 Ccaput.e 
,...,. .. ICS 
Jl!OO" HAS HOW 8EEH HADE FOR HE .. 
LAYER !I 
H CHAHl;.ED TO 6 
R:00" HAS HOM BEEH "ADE FOR HEW 
LAYER 6 
H CHAHCED TO 7 
LAYER HATEll!IAL 
l'IUt !l . :1!16 8 2!19 
Fo,o•OL YU 828 l !18 l5 
eu1t 189 &98e8 12 
SURFACE VAPOUR 
9 15 27 
I 1527 
2 1527 
! :: ·:: 
!I 18 41 











13 , 63 
13 32 ' .. 7 93 , - .. - .. 
t: • CUHOEHSATIOH LIKELY 
TEHP U P lt . H 
T1n • 28 8 U1n • 9 4 AH •49 . 9% 
Tout• 1 . 8 l.lou1• '5 9 RH •98 u· • 
SURFACE VAPOUR 
e ' •8 I , 39 
2 , 3' 
3 , n 
• 7 ,, 
!I 7 ,. 
' ',. 7 !I ,.




2 •• ' ., , 38 
I • COHOEHSAT I DH LI kEL Y 
DEii P01HT . " . " . " • 2' 
3 "  28 ,1. - .. - .. 
U-VALUE • , '848868!14493 
The program has been implemented on a low-
cost microcomputer (an HP85) and is written 
in BASIC; it should be transferable to other 
computers reasonably easily. The program is 
interactive, prompting the user to input each 
piece of relevant information. As part of this 
philosophy, the program has been developed 
to allow data input and subsequent editing. 
£75 + VAT 
<.%/4' 
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6.1 ORIGINAL VIC KERS DEVICE (Continued) 
DISTANCE FROM TOP OF DEVICE = 3 METRES 
OVER WHOLE WAVE CYCLE 
Max Tens. Load in Outer Ring = 1 • 5 6 4 0 Ml~/ rr, 
Max Comp. Load in Outer Ring = 0. 5695 MN/m 
Max Tens. Load in Inner Ring = 1. 796 7 MN/fll 
Max Comp. Load in Inner R·ing = 0.4951 MN/m 
Max Shear Load in Whole Ring = 0 .2326 MN/m 
DISTANCE FROM TOP OF DEVICE = 4 METRES 
OVER WHOLE WAVE CYCLE 
Max Tens. Load in Outer Ring = 1.4771MN/m 
Max Comp. Load in Outer Ring = 0 .6286 MN/m 
Max Tens. Load in Inner Ring = 1. 7064MN/m 
Max Comp. Load in Inner Ring = 0 .5544MN/m 
Max Shear Load in Whole Ring = 0 .22B4MN/m 
DISTANCE FROM TOP OF DEVICE = 5 METRES 
OVER ~~HOLE WAVE CYCLE 
Max Tens. Load in Outer Ring = 1 .3916 MN/m 
Max Comp. Load in Outer Ring = 0.6887MN/m 
Max Tens. Load in Inner Ring = 1 .6179 MN/m 
Max Comp. Load in Inner Ring = 0.6148MN/m 
Max Shear Load in Whole Ring = 0. 2245 MN/m 
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6 . 1 ORI GI NA L VI CKERS DEVI CE (Continu ed ) 
DISTANCE FROM TOP OF DEVICE = 6 METRES 
OVER WHOLE WAVE CYCLE 
Max Tens. Load in Outer Ring = 1 .3075 MN/m 
Max Comp. Load in Outer Ring = 0.749BMN/m 
Ma x Tens. Load in Inner Ring = 1.5309MN/m 
Max Comp. Load in Inner Ring = D.6762MN/m 
Max Shear Load in v/ h O 1 e Ring = 0 .2209 MN/m 
DISTANCE FROM TOP OF DEVICE = 7 METRES 
OVER WHOLE WAVE CYCLE 
Max Tens. Load in Outer Ring :: i .2247 MN/m 
Max Comp. Load in Outer Ring = D.B120MN/m 
Max Tens. Load in Inner Ring = 1. 4456 MN /m 
Max Comp. Load in Inner Ring = 0. 7385 MN/m 
Max Shear Load in Whole Ring = 0 .2178MN/m 
DISTANCE FROM TOP OF DEVICE = 8 METRES 
OVER WHOLE WAVE CYCLE 
Max Tens. Load in Outer Ring = 1 .1431 MN/m 
Max Comp. Load in Outer Ring = 0.8751MN/m 
Max Tens. Load in Inner Ring = 1 .3619 MN/m 
Max Comp. Load in Inner Ring = 0. BO 1 B MN/m 
Max Shear Load in Whole Ring = 0. 2150MN/m 
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I 
I 
I 6 .1 ORIGI NA L VICKERS DEVI CE ( Conti nued) I . 
I DISTANCE FROM TOP OF DEVICE= 9 METRES 
I OVER ~~ HOLE WAV E CYCLE 
Max Tens. Load in Outer Ring = 1. 0629 MN/m 
Max Comp. Load in Outer Ring = 0. 9392 MN/m 
Max Tens. Load in Inner Ring = 1.2797 MN/m 
Max Comp. Load in Inner Ring = 0.8661MN/m 
Max Shear Load in Whole Ring = 0 .2125 MN/m 
DISTANCE FROM TOP OF DEVICE = 10 METRES 
OVER WHOLE WAVE CYCLE 
Max Tens. Load in Duter Ring = 1 .0551 MN/m 
Max Comp. Load in Outer Ring = 0. 9332 MN/m 
Max Tens. Load in Inner Ring = 1 • 2 7 0 1 l"IN / m 
Max Comp. Load in Inner Ring = 0.8602 MN /m 
Max Shear Load in Whole Ring = 0 .2104MN/m 
J 
DISTANCE FROM TOP OF DEVICE = 11 METRES 
OVER WHOLE WAVE CYCLE 
Max Tens. Load in Outer Ring = 1 • 0484 MN/m 
Max Comp. Load in Outer Ring = 0.9281MN/m 
Max Tens. Load in Inner Ring - 1 .2621 MN/m 
Max Comp. Load in Inner Ring = 0. 8552 MN/m 
Max Shear Load in Wh ole Ring = 0 .208 7 MN/m 
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6.1 ORIGI NA L VICKERS DEVIC E (Contin ued) 
DISTAN CE FROM TOP OF DEVICE= 12 ME TRES 
OVER WHOLE WAVE CYCLE 
Max Tens. Load in Outer Ring = 1. 0430 MN/m 
Max Comp. Load in Outer Ring = 0. 9239 MN/m 
Max Tens. Load in Inner Ring = 1 .2556 MN /m 
Max Comp. Load in Inner Ring = 0. 8512 MN/m 
Max Shear Load in Whole Ring = 0 .2072MN/m 
DISTANCE FROM TOP OF DEVICE = 13 METRES 
OVER WHOLE WAVE CYCLE 
Max Tens. Load in ·outer Ring = 1 .0389 MN/m 
Max Comp. Load in Outer Ring = 0. 9207 MN/m · 
Max Tens ·. Load in Inner Rin g = 1 .2505 MN/m 
Max Comp. Load in Inner Ring = 0. 8480 MN/m 
Max Shear Load in Whole Ring = 0 • 2 0 6 1 MN/ m . 
DISTANCE FROM TOP OF DEVICE = 14 METRES 
OVER WHOLE vJAVE CYCLE 
Max Tens. Load in Outer Ring = 1 • 0359 MN/m 
Max Comp . Load in Outer Ring = 0.9184MN/m 
Max Tens. Load in Inner Ring = 1 .2469 MN/m 
Max Comp. Load in Inner Ring = 0.8458MN/m 
Max Shear Load in Whole Ring = 0 .2053MN/m 
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6.1 ORIGIN AL VI CKERS DEVICE (Con tin ued) 
DISTANCE FROM TO P OF DEVICE= 15 METRES 
OVER ~~HOLE \.JAVE CYCLE 
Max Tens. Load in Out8r Ring = 1 .0341 MN/m 
Max Comp. Load in Outer Ring = D.9170MN/m 
Max Tens. Load in Inner Ring = 1 .2447 MN/m 
Max Comp. Load in Inn er · Ring = 0 .B444MN/m 
Max Shear Load in Whole Ring = D .204BMN/m 
DISTANCE FROM TOP OF DEVICE = 16 METRES 
OVER WHOLE WAVE CYCLE 
Max Tens. Load in Outer Ring = 1 .0335 MN/m 
Max Comp. Load in Outer Ring = D. 9165 MN/m 
Max Tens. Load in Inner Ring = 1 .2440 MN/m 
Max Comp. Load in Inner Ring = 0 .8440MN/m 
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TWIN OSCILLATI NG WATER COLU MN TER MINATOR 
This devic e will be sited in 26 metrBs of water and is 
positioned su ch that the top of the device is 5 metres 
below the mean water surface. 
The main body of the device is 17.25 metres high, 
22 metres wide and 32 metres long. 
With a wave length of 80 metres, period 7.3 seconds, 
the maximum unbreaking · ~-.,ave is 10. 7 metres peak to trough. 
This wave will uncover the device. 
The net forces on the device were calculated for wave 
periods up to 16 seconds, 240 metres length and 17.7 
metres peak to trough. The mass and drag coeficients 
were taken as 2 and 1.33 for both vertical and horizontal 
conditions. 
The maximum combination of horizontal inertia and drag 
forces was 52.2MN and occurs at a wave length of 
. 160 metres. The experimental work on the model of this 
device, suggests that the surge force which occurs once 
the top of the device approaches the trough of the wave 
has a significant effect on the maximum horizontal forces. 
To date, no theoretical assessment of these loads has 
been found and there is insufficient experimental data to 
make a comprehensive as~essment of the surge force with 
various sea state conditions. The limited available 
experimental data measured the R.M.S. value of the 
horizontal wave forces and these exceed the R.M.S. value 
of the calculated forces by up to 50% when the device top 
is uncovered. 
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6.2 TWIN OSCILLATING WATE R COLU MN TE RMINA TOR (CONTINUED) 
-#..-~ .......... _ -· . ··-~--~·-- - -
In the design of the full scale device the maximum 
calculated combined i~ertia and drag forces were increased 
by 50% to allow for the surge force~ · This is a pessimistic 
assumption since the surge force may be found to be out 
of phase with the inertia force. 
The vertical force was assessed assuming that the weight 
of the device equalled the weight of water it displaced. 
The slamming forces were not considered since the wave 
with the maximum height only exposes 25% of the device. 
The maximum lift on the device is 30MN and the maximum 
down load 35MN. 
No theoretical assessment has been carried out on the 
pressure distribution around the device during the wave 
cycle. The assumptions made in the detail of the full 
scale device were: 
(1) that pressure varies as per water particle 
a~celeration in respect of depth, 
and 
(2) that pressure varies as a half sine wave along 
the device's horizontal plane. 
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SUB MERGED WAV E CHA MBER 
The device will be sited in 60 metre s of wat er and is 
120 metres long, 11 metres high and 10 metres \Jide. 
Its wei ght was taken as 0.75 of that of. the water it 
displaces. 
The loadin g on th e device was calculated for the device 
being either 5 metres or 20 metres below the surf ace for 
wave pe r iods from 5 to 16 seconds, and wave lengths from 
40 to 340 metres. These loads were assessed taking into 
consideration . the variation in water particle acceleration 
and velocity alon g the device. 
With the device 5 metres below the mean surface, the 
resultant vertical force always provides lift until the 
wave len gth reaches 160 metres, but t he moment caused by 
these loadings results in some of the supports taking 
compressive loads when the wave length reaches 130 metres. 
Under storm wave conditions, 340 metres wave length, 
32 metres pe a k to trough, 16 second period, the total 
vertical loading will vary from. 71MN lift to 67MN down 
thrust over a wave cycle. 
With the device 20 metres below the surface, the resultant 
vertical force always provides lift, it is a maximum 
at 260 metres when the lift is 60MN 
As with the Twin Oscillating Water Column terminator, 
there is no information on the pressure distribution 
around and along the device, so only a very approximate 
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SUBME RGED WAVE CHAMBER (Continued) 
The bending moments ari s ing within the device have not 
been analysed fully since they depend on the frequency 
and relative stiffness of the tethers. The case of a 
wave of wavelength equal to the ·device length, 120 m, 
on an unrestrained neutrally buoyant device does however 
give some idea of the bending moments involved, since in 
this condition the net vertical force applied is zero, 
and the assumptions of restraint are less criticai. 
The maximum bending moment due to such a wave, of 17 m 
height, on a device just fully submerged is 340 MNm. 
This compares with a value of lOOOMNm for a similar 
device free floating 25% above the still water line, 
which provides · a powerful case for submerged beam 
type devices. 
If however, the device is restrained by comparatively 
stiff tethers, the bending moments applied to the device 
are further reduced. This enables the length of the 
device to be increased considerably, so that the net 
forces applied to it are eliminated completely. 
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TWIN OSCILLATI NG WATER CO LUMN POINT ABSORBER 
l 'he device is 24 metres diameter and 14.5 metres high and 
is bottom mounted in 19 metres of water. 
This device is similar in construction to the original 
Submerged Water Column with the exception of the lower 
inlet. 
The loading in this device is generally 70% of that in 
the original device and the surface area is also 70% 
less. These two conditions would lead to a 50% reduction 
in the mat erial content of the device relative to the 
original Submerged Water Column, but because of the 
discontinuity in the outer shell due to the lower duct 
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. 
CONSTRU CT ION - PRE LIMIN ARY CONSIDERATION S 
Point Abs orbers 
The ori gi nal dev i ce was de s i gned in concrete to avoid the 
necessity of on-site ball asting for a light structure. 
The high mass was used to r e lieve the anchoring requirement. 
For the same reas ons the Twi n Oscillatin g Water Column 
Point Absorber was designed in concrete. 
Method of Construction 
The concrete base and shell of the device will be 
constructed on a platform, enabling the device to be 
~oved to successive adjacent work stations on the production 
line and to be launched dow n a slipway on completion of 
the construction, fitting-out and curing stages. 
Conventional concrete moulding and slip forming techniques 
would be employed, using a steel shuttering to obtain th e 
required surface curvatures, with epoxy surface finish on 
those internal wor king surfaces where marine fouling and 
friction is to be minimised. Steel seatings for the 
removable power modules are moulded into the shell 
structure to ensure accurate location of the modules. 
The removable power modules, each weighing some 45 tonnes 
complete, will be assembled on a production line basis in 
a purpose-built factory and delivered to the device 
construction site. The power modules would normally be 
fitted to the device prior to launch, although post-launch 
fitting can be easily achieved, if required. 
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Method of Construction (Continued) 
After curing and fitting-out, the devic e · will be launch ed 
on its platform down a slipway into sufficient depth of 
water for the special emplacement vessel to position 
itself around t he device and raise the device into position 
for transportation. The platform will be recover8d and 
moved back to the first production station. 
The special emplacement vessel (SEV) comprises two 
identica l half-vessels, each half being autonomous - and 
fitted with hydraulic, pneumatic and electric power 
supplies, 12 lifting winches, a dynamic positioning 
system, normal salvage and domestic systems and crane. 
Each half vessel is also provided with a control bridge 
enabling fuil bontrol of the winch and dynamic positioning 
systems of either the half-vessel or both half-vessels 
when they are engaged together as one SEV. 
The two half-vessels will be positively located and locked 
together as an SEV after enclosin g the wave power 
device, and the device will then be raised by the 24 
"synchrolift" type winches until. the wave power device is 
positively located within the circular well. The loaded 
SEV would then be towed out to the prepared sea bed by 
two medium tugs. 
The device is lowered into position by the SEV using 
the dynamic positioning system and synchronised winches 
to ensure precise emplacement. Pumping necessary to 
establish the correct air volume will be provided by the 
SEV at this stage. 
7:2 
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Method of Construction (Cont i nu ed ) 
The SEV will then be towed back to the production site 
by the tu gs . Cable connections will be made before 
lowering the device or, if necessary, by divers operating 
from a smaller support vessel. 
The SEV would be capable of recovering or repositicning 
a complete device, should this ever be required for 
operational or damage reasons. 
Time for Construction 
Construction of the device base and shell will be 
accomplished within 28 days, with a further period of 28 
days required for curing. Final fitting-out of the device 
including installation of the power modules, will be 
completed d~ring the curing period. The maximum production 
rate required is four devices per week, on a seven-day 
shiftwork basis, to achieve an average annual output in 
excess of 300 devices. 
The required device product:on rate could be achieved 
from two B-sta ge production lin~s, either co-located or 
at separate sites. One slipway could handle four device 
launches per week. 
In the event of sustained bad weather delaying emplacement 
operations, production output could be temporarily stored 
either on land or in the sea, using the SEV. Sea 
storage in a convenient area with water depths of 7 metres 
or greater offers an attractively low-cost means of 
temporarily absorbing over-production. -
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Attenuator and Terminator 
The initial design of the terminator has ·been carried out 
in steel but it does lend itself also to a concrete 
structure, in which case its method of construction 
follows that of the Point Absorb~rs. In this case, however, 
the device will be slipformed vertically in a d~y dock 
followed by loading and flotation techniques to bring 
the device horizontal. 
The attenuator, being tethered on mooring lines, required 
high buoyancy loads. This requirement led to the choice 
of a steel device. 
Method of Construction 
The steel construction of the attenuator and terminator, 
by virtue of their size and shape lend themselves to 
conventional ship building technique. They could be 
built on slipways, launched and towed tb a storage area 
before deployment. 
The devices could be constructed in sections and joined 
while in the storage area, this applies particularly to 
the S.W.C. attenuator. 
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~ Design and Prnjects Division 
MOORINGS ANO ANCHORAG~ 
Vickers Origin a l Device 
Three methods have been considered: 
1. Semi-burying the device 
2. Piling 
.3. Anchoring 
For case 1 a large cutter suction dredger capable of 
operating to depths of 30 metres has been assumed. 
Currently no such dredger is thou ght to exist although it 
would be possible to convert an existing dredger to cope. 
Once the hole has been dredged the device would be sunk 
into it. Substantial temporary works in the form of guides 
would be needed to avoid the device oscillating as it 
sank. 
For case 2 a bed must be first prepared and the unit sunk 
onto it as for case 1. Piles would then be driven to 
secure the device. The costing of this piling is very 
speculative as there is no readily available data. 
For case 3 almost the same problems apply as for the 
piles in that currently the equipment does not exist to 
put these anchors down. Here, however, the equipment 
manufacturers expressed greater optimism in their ability 
to overcome the problems, and this method has been selected 
a~ the most feasible for this device. 
The device chosen for the reference design is for a 'hard' 
sea bed and includes provision for 24 x 340 tonne anchors 
to resist the maximum side force. 
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Moorin gs and An chorage (Continued) 
For a 'soft' s ea bed, the base of the device in the 
reference design would be altered to give a skirt and 
anti-scour ring. This will be sufficient to withstand 
the side forces and additional moorings would not be 
necessary. There is sufficient excess material in the 
base, so that the skirt and anti-scour ring could be 
constructed without any additional material. 
As designed the device _will have excess net weight when 
in operation. The number and size of anchors will depend 
on bed friction and also the directional variability of 
the wave forces. 
Recent experimental data has indicated that the horizontal 
force can be increased by up to 50% if the device breaks 
the water line, and this has been allowed for in the size 




~ Design and Projects Division 
Twi n Osc i ll a tin g Wate r Col umn 
Ag a in, becc us e it app ears to be the most feasible syst em, 
rock ancho r s have bee n sele cted for this device. The 
thGoreti cal ca l cu l a tio ns give a maximum· horizon ta l force 
on the point ab s orber version of ±26MN. Allowing 50% for 
th8 device breaking water in storm waves, gives a force 
of 39 MN . 
The device will only be anchored on each side to allow 
unimpeded flo w to the l ower duct. Allowing 8 x 500 
tonne anchors/side gives sufficient margin to cover th8 
bending moment introduced by having the device mounted 
above the supports. 
With a suitable seabed as indicated off South Uist, piling 
offers an obvious alternative, but we have insufficient 
information to evaluate this method with any confidence. 
Submerged Wave Chamber 
It is envisaged that this device will be sited in deeper 
water than the Twin Oscillating Water Column devices 
(about 60m sea depth) to take advantage of the greater 
resource of power available, so that anchoring as a 
tethered unit may well be preferable to supporting on 
a fixed structure. This method has been found to be 
unattractive for use with surface breaking platforms 
in depths of water under 100m, but the economics of a 
submerged structure, which by nature of its function' 
has exc es s buoyancy, may well differ considerably. One 
complication introduced by mooring the device however 
is that a more flexible power cable is required. 
8:3 
\P D . d""'-. t D' .. ~ esign an n-01ec s IVJ.ston 
8.3 Submerged Wave Chamber (Continued) 
Particular attention must be paid to . the dynamics 
of a tethered buoyant structure, in particular 
to ensure that its natural period of oscillation lies 
outside the wave spectrum. A preliminary analysis 
indicates that this can be achieved. 
Assuming vertical tethers for minimum stiffness 
(Figure 8.1), for small displacements:-
dF 
g C Mw- M) 
= dx 
lt 
Stiffness K - dF = g (Mw-M) 
dx lt 
. . Natural frequency w = ./ K 
M 
I 
Natural period of oscillation T = 2 ./ __ lt_ 
g(Mw/M-1) 
Assuming that the length of tet~ers lt = 55m, and 
the mass of the structure is 75% of its displacement 
T = 2 ir I 55 
9.81 (1/ .75-1) 
= 25.B seconds 
This exceeds the longest period expected in the wave 
spectrum by 60%. 
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Su bmer ged Wav e Chamber (Continued ) 
The maximum ho r izontal loads are of simil~r magnitude to 
those of the original device, but there are significant 
vertical loads that have to be considered. If the device 
is allowed to break water and reduce the buoyancy force, 
then the tet h8rs have to be designed to take the snatch 
loads th at co ul d occur. It is hoped that with further 
investigation into the mooring system, that the mean wave 
forces, report ed by Longuet-Higginsl5l, can be used 
to push the device deeper into the water and thus avoid 
breaking the water line. 
Catenary moorings will also need to be investigated to 
see if they can offer an alternative solution. There is 
also the possibility of using rigid struts articulated at 
each end, so that a certain amount of compression can be 
tolerated without introducing snatch loads. 
Vickers are already involved in an ongoing investigation 
into the design of a seabed anchoring system for the 
North Sea Oil Industry from which valuable experience 
can be drawn. 
8:5 
. ' 
Dynamics of a Tethered Buoyant Structure 












Natural Period of Oscillation = 2'T1'. It 
g (~w-1) 
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